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ABSTRACT 
The reactivity of permethylzirconocene and permethylhafnocene 
complexes with various nucleophiles has been investigated. Permethyl-
zirconocene reacts with sterically hindered ketenes anq allenes to 
afford metallacycle products. Reaction of these cummulenes with 
permethylzirconocene hydride complexes affords enolate and a-allyl 
species, respectively. Reactions which afford enolate products are 
nonstereospecific, whereas reactions which afford allyl products 
initially give a cis-u-allyl complex which rearranges to its trans 
isomer. The mechanism of these reactions is proposed to occur 
either by a Lewis Acid-Lewis Base interaction (ketenes) or by forma-
tion of a TT-olefin intermediate (allenes). 
Permethylzirconocene haloacyl complexes react with strong 
bases such as lithium diisopropylamide or methylene trimethylphos-
phorane to afford ketene compounds. Depending on the size of the 
alkyl ketene substituent, the hydrogenation of these compounds affords 
enolate-hydride products with varying degrees of stereoselectivity. 
The larger the substituent, the greater is the selectivity for cis 
hydrogenation products. 
The reaction of permethylzirconocene dihydride and permethyl-
hafnocene dihydride with methylene trimethylphosphorane affords 
methyl-hydride and dimethyl derivatives. Under appropriate con-
ditions, the metallated-ylide complex !_, (775 -C5(CH3 ) 5) 2 Zr(H)CH2 PMe2CH2 , 
is also obtained and haa been structurally characterized by X-ray 
diffraction techniques. Reaction of 1 with CO affords 
"' 
v 
( 775 -C5(CH3 ) 5 ) 2 Zr(C, 0-77
2 -(PMe3 )HC=CO)H which exists in solution as 
an equilibrium mixture of isomers. In one isomer (!}, the 772 -acyl 
oxygen atom occupies a lateral equatorial coordination position about 
zirconium, whereas in the other isomer (_ID, the rl-acyl oxygen atom 
occupies the central equatorial position. The equilibrium kinetics of 
the 2 - 3 isomerization have been studied and the structures of both ...... ...... 
complexes confirmed by X-ray diffraction methods. These studies 
suggest a mechanism for CO insertion into metal-carbon bonds of the 
early transition metals. 
Permethylhafnocene dihydride and permethylzirconocene hydride 
complexes react with diazoalkanes to afford rf-N, N' -hydrazonido 
species in which the terminal nitrogen atom of the diazoalkane mole-
cule has inserted into a metal-hydride or metal-carbon bond. The 
structure of one of these compounds, Cp *2Zr(NMeNCTo~)OH, has been 
determined by X-ray diffraction techniques. Under appropriate con-
ditions, the hydrazonido-hydride complexes react with a second 
equivalent of diazoalkene to afford 77' -N-hydrazonido-772 -N, N' -hydra-
zonido species. 
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The Reaction of Ketenes and Allenes with 
Permethylzirconocene Derivatives 
2 
1 . 1 Introduction 
1. 1. 1 General Introduction 
Current interest in carbon monoxide reduction to synfuel 
products has prompted a closer investigation into the mechanism by 
which these reduction processes operate. As an example, metal-
bound ketene complexes have been prepared as early as 1970, 1 but 
only recently have such complexes been proposed as possible inter-
mediates in the Fischer-Tropsch reduction and crupling of CO to 
alcohols. 2' 5 Conceivably, the carbonylation of metal-bound carbene 
moieties to ketene intermediates may be a general phenomenon. 
Our interest in this area has grown from mechanistic consider-
ations into the reduction of CO, both free and coordinated, with 
(7]5-C5(CH3 ) 5) 2 ZrH2 (Cp*2 ZrH2 ) (!)· It was frund that treatment of! 
with CO afforded, among other products, the trans -enediolate dimer 
~ (eq. 1), 3 while treatment with Cp*2Zr(C0)2 gave the cis-enediolate 
dimer 8 (eq. 2). 4 Each reaction is 100% stereoselective and the .,... 
1 8 .,... 
isomeric enolate products cannot be interconverted. A mechanism 
proposed for the formation of the trans -enediolate dimer (Scheme 1. 1) 5 
/H /H 
Zr +CO.- • Zr-CO 
'..H '\H 
1 [ /H /0'\. ] [ /CHz~] ~ Zr': c, }' 4 ~ zr, /Zr 
1 ,... 
H H H · H H 
/CH20'.. 
~ Zr 









~ !H2 OCH3 
/ 
ZrHz + Zr'\. 
H 
Zr I H' 
'-c Zr 0 'H {3- H elimination Z / '\. _ \ r "C -c Zr 
\ I 'o/ 
HH H/ \;H20/ 
3 ,... 
SCHEME 1. 1. Mechanism for the Formation of trans-(Cp*2 ZrH)2 (0CHCHO) (~). 
t.) 
4 
involves initial CO coordination to 1 followed by attack of a second ....... 
molecule of 1 to give the zirconoxycarbene intermediate 2. Insertion ....... ....... 
of the carbene into a metal-hydride bond followed again by CO coordi-
nation, insertion, hydride transfer, and lastly by 13-hydride elimination 
\ 
gives the trans-enediolate dimer 3. The 13-hydride elimination step ....... 
dictates the stereoselective formation of the trans-enediolate product. 
The proposed mechanism for the formation of the cis-enediolate 
dimer (Scheme 1. 2)5 involves initial attack of 1 on a carbonyl ligand ....... 
of Cp*2 Zr(C0) 2 to give the zirconoxycarbene intermediate 1· Carbon-
ylation of the metal-bound car bene v.o uld then give a zirconium-ketene 
intermediate 5 in which the ketene is coordinated through the olefinic ...... 
double bond. 1r-Overlap between the olefinic bond and the available 
zirconium orbitals necessarily forces the ketene substituents into the 
pentamethylcyclopentadienylligands. Rearrangement of 5 to the inter-....... 
mediate 6 in which the carbonyl double bond of the ketene is coordinated ....... 
to the metal, rotates the ketene go• so that the substituents are now 
forced in and out of the equatorial "wedge" formed by the pentamethyl-
cyclopentadienyl ligands. Rearrangements of this type have precedent 
in the fluxional behavior of coordinated allenes. 6 The isomerization of 
5 to 6 should be especially favorable because of the high oxophilicity of ....... ...... 
of zirconium3' 4 and because the -0ZrCp*2 moiety is placed in the least 
sterically hindered position. The -0ZrCp*2 moiety would necessarily 
point out of the "wedge" to reduce steric interactions between the bulky 
pentamethylcyclopentadienylligands to a minimum. Oxidative addition 
of H2 to§. to give 1 followed by reductive elimination of a C-H bond 








H 0 0/ 'H ' / ) -c -
H 'H 
8 .,.... 





























zr-~ zr,l c, c, c, - c, 
/ o / 'o 
H ' H ' Zr Zr 
u/ u/ 
6 .,.... 
SCHEME 1. 2. Mechansim for the Formation of cis-(Cp*2ZrH)2(0CHCHO) (_ID. 
t11 
6 
ketene intermediate §., in which the -0ZrCp*2 , moiety points out of the 
equatorial wedge, dictates the stereoselective formation of a cis-
enediolate product. 
It was our hope to model some of the intermediates proposed in 
the cis-enediolate mechanism (Scheme 1. 2) by treating a form of 
"permethylzirconocene" ("Cp*2 Zr") with sterically hindered monosub-
stituted ketenes. In this way, a ketene intermediate could be isolated 
or observed and then treated with H2 to generate a cis-enolate complex 
(Scheme 1. 3). The substituent on the ketene should be quite large to 
successfully model the -OZrCp*2 moiety. Only one zirconium-ketene 
complex had been reported in the literature. 7 Further investigation of 
the synthesis and reactivity of zirconium-ketene complexes appeared 
warranted. 
1.1. 2 Metal-Ketene Complexes 
Metal-ketene complexes have been porposed as intermediates in 
a number of organic reaction pathways. 2a, 8 Early attempts to model 
these intermediates were frustrated because the treatment of ketenes 
with metal compounds generally decarbonylated the ketene affording 
either a metal carbonyl complex and carbene-coupled products9 or a 
metal-carbene complex and CO. 10 The first reported transition metal 
ketene complexes were prepared by treatment of silver, 1 copper, 11 
or gold12 salts with ketene in a polar solvent. Although originally 
formulated as a -bound bimetallic adducts (Figure 1. 1), the low 
solubility properties suggested a polymeric structure. Indeed, the 
X-ray structural analysis indicated a sheet-like structure consisting 
0 ,a 
o c' /c 
"Cpl Zr" + II __,.. Cp* Zr -II • • Cp~ Zr I 
HAR 2 l\ 'c ,, ' H' R 
1l 
0 /0 
Cp~ Zr -II. • • Cp~Z, I '-=I c 





\ I H 
H H 
cis 
SCHEME 1. 3. Mechanism for the Reaction of Permethylzirconocene with Monosubstituted Ketenes. 
8 
of metal atoms arrayed in a square network with C=C=O groups 




"'c, M M 
M = Ag, Cu, Au 
FIGURE 1. 1. Proposed Structure of Group 1-b Metal-Ketene Complexes. 
A 1r-bound metal-ketene complex (ID was first pre}Bred by 
irradiating CpMn(C0)3 and treating the unsaturated intermediate with 
diphenylketene (eq. 3). 14 ~ NMR studies of the product revealed 
hv . Ph 2CCO 
CpMn{C0)3 THF • CpMn{C0)2 THF ~ 
that the Cp resonance had shifted 0. 43 ppm upfield, suggesting that 
the ketene was bound through the electron-rich olefinic bond (hence a 
ketene-+ metal charge transfer) and not the somewhat electron with-
drawing carbonyl bond; X-ray structural analysis confirmed this 
reasoning. 15 Floriani has found that treatment of Cp2Ti(C0)2 with one 
equivalent of diphenylketene gives the carbonyl-bound ketene complex 
10, which upon further reaction with the ketene gave the unsymmetrical 
"'""" 
metallocycle 11 (eq. 4).16 
""""' 
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Perhaps the most interesting syntheses of metal-ketene com-
plexes are those involving metal-carbene and carbyne precursors. 
Herrmann was able to prepare the 1r-bound diphenylketene manganese 
compound 9 mentioned earlier by treating a manganese alkylidene 
"' 




650 atm .... 
Ph2CH-CH + Ph2 CH-CRzOH + "Mn" products (5) 
10 
aldehydes and alcohols, providing a working model for the Fischer-
Tropsch reaction. Although the reaction of metal carbonyl complexes 
with diazoalkanes usually affords N-substituted products, Herrmann 
was able to prepare the 17 2 -anthronylketene complex !.Q by treating 
9-diazoanthrone with a mixture of CpMn(C0)3 and CpMn(C0)2 THF.
18 
Labeling experiments suggest that 1 0 is formed by an intermolecular 
""""'"'" 
carbene-carbonyl coupling mechanism (eq. 6). In contrast, recent 
CpMn(C0)2 
CpMn(C0)2 THF + 
Cp' =© 
c::O 




work in our laboratories suggests that the zirconium ketene complex 
11 is formed by an intramolecular carbene-carbonyl coupling .,.,_...., 
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alkylidyne compound with PMe3 affords a a-bound ketene complex 
which rearranges to a 71' -complex upon warming ( eq. 8). 2° Finally, 
the reaction of CO with C~>:! Ta(CHCMe3 )Cl or Ta(CHPh)Cls(PMe3 ) 2 
gives the corresponding ketene compounds, although no structural 
assignments were made from the spectroscopic data. 21 
(8) 
The only reported zirconium-ketene complex has been prepared 
by Lappert. 7 Treatment of the zirconocene dialkyl complexes 
C~>:!Zr(CHPh2)R (R = CH3 , CH2Si(Me3 ) 3) with CO affords the dimeric 
diphenylketene complex [CP:!Zr(OCCPh2)] 2 and the acyl derivative 
Cp2Zr(COR)(CHP~). The mechanism of this reaction is not well 
understood. 
1. 2 Results and Discussion 
1. 2.1 Reaction of Permethylzirconocene with Trimethylsilylketene (13) ,...,.,. 
To establish whether zirconium-ketene intermediates are 
plausible in the cis-enediolate mechanism requires an unsymmetrical 
ketene possessing a bulky substituent to successfuly model the 
zirconium-ketene intermediate 6 (Scheme 1. 2). Trimethylsilylketene ...... 
(13) was chosen for this study because it is one of the few ............ 
13 
monosubstituted ketenes which is relatively stable at room tempera-
22 * ture. Because [Cp 2 ZrN2 l 2N2 (!.~)is a ready source of "permethyl-
zirconocene, " 23 it was tho~ht that treatment of 12 with trimethyl-
~
silylketene might give a zirconium-ketene complex (Scheme 1. 3). 
Treatment of !1 with ll affords complete reaction, however, only 
when two equivalents of ketene per zirconium are used. This stoi-
chiometry is maintained even at -5o• C as evidenced by low tempera-
ture 1H NMR spectroscopy, preventing isolation of a mono-ketene 
adduct. Thus, when g is treated with four equivalents of g, three 
equivalents of N2 are liberated
24 and the his-ketene adduct !.1 is 
formed in quantitative yield by 1H NMR spectroscopy (eq. 9). 
SiMe3 
{Cp"2ZrN2 } 2N2 + 4 MeJHCH=C=O -----~~~ Cp'r,Zr(:( + 3 N2 (9) 
SiMe3 
12 13 14 
Compound 14 may be isolated as a yellow-brown crystalline solid in 
~
59% yield by recrystallization from petroleum ether. The ~ NMR 
spectrum of !1 consists of single resonances for the 1J5 -C5(CH3 ) 5 (0 1. 87), 
Si(CH3 ) 3 (0 0. 40), and olefinic (6 4. 95) protons. The absence of 
additional proton resonances and the high oxophilicity of Zr(IV), 3' 4 
leads to the formulation of 14 as the symmetrical endo-substituted25 
""""' --
dioxometallacyclopentane. A H:hough an exo-substituted metallacyc le 
would give similar 1H NMR spectral data, steric interactions between 
the trimethylsilyl groups would be highly unfavorable. The 13C NMR 
spectrum of 14 supports this configuration with two resonances for ............ 
14 
the two different olefinic carbons at 6 178 and 6 92. The absence of 
any resonance downfield of 6 200 in the 13C NMR spectrum strongly 
suggests a dioxometacyclic product. 26 This configuration is in con-
trast with the structure reported by Floriani for the unsymmetrical 
titanium metallacycle 11 (eq. 4). Apparently, unfavorable pentamethyl-.,...,.. 
cyclopentadienyl-trimethylsilyl ligand steric interactions as well as the 
greater oxophilicity of zirconium as compared with titanium dictate the 
formation of a dioxometallacycle in the zirconium system. 
The zirconium metallacycle 14 can also be prepared by heating .,....,.... 
a solution of Cp*2 Zr(C0)2 and trimethylsilylketene in benzene for 12 
hours. Whereas the formation of 14 from 12 is quantitative by 1H .,...,.. ........... 
NMR spectroscopy, the formation from Cp*2 Zr( C0)2 never exceeded 
78%. 
Since a mono-ketene adduct of zirconium could not be isolated 
or observed by low temperature ~ NMR spectroscopy, it was hoped 
that treatment of a solution of [Cp~ZrN2] 2N2 and trimethylsilylketene 
with H2 at low temperature might effectively trap a mono-ketene adduct, 
affording an enolate-hydride product as per Scheme 1. 2. Thus, 
although a mono-ketene adduct of zirconium would not be observed, its 
presence could be inferred by formation of an enolate-hydride product. 
Treatment of 12 with two equivalents of 13 at -78° C followed by 
~ "'""' 
reaction with H2 and warming of the solution to room temperature 
afforded !1 as the single product. If H2 is added to a -78 • C solution 
of 12 followed by two equivalents of 13, varying amounts of 14 and 
'"""" .,....,.... """"' 
Cp*ZrH2 (!) are formed upon warming the solution to room tempera-
ture; !. undoubtedly being formed by reaction of g with H2 • 27 If 
15 
mono-ketene adducts analogous to ~ in Scheme 1. 2 are formed in 
these reactions, further reaction with a second equivalent of ketene 
must be more rapid than reaction with H2 • Since free ketenes are 
presumably never present in reactions of Cp*Zr(C0)2 with Cp*2 ZrH2 , 
the use of free ketenes to model intermediate 6 was deemed im-.,.... 
practical. 
1. 2. 2 Reaction of Cp*2 ZrH2 (!) with Ketenes 
Due to our inability to obscure or detect a mono-ketene adduct 
of permethylzirconocene, we felt that the cis-enediolate mechanism 
might be entered through a complex analogous to 1 (Scheme 1. 2) by 
treating Cp*2 ZrH2 OJ with ketenes (Scheme 1. 4). Hopefully, a ketene 
0 
Cp~ZrH2 + Jl 
H R 
SCHEME 1. 4. Mechanism for the Reaction of Permethylzirconocene 
Dihydride with Monosubstituted Ketenes. 
1T -adduct of !. would be formed which, by hydride migration, would 
afford a cis-enolate product. That enolate complexes are a product 
in the reaction of zirconium hydride compounds with ketenes was 
demonstrated by the following reaction. Treatment of 1 with one 
....... 
equivalent of diphenylketene gave a·.yellow oil formulated as 
Cp*2 Zr(H)OCH=CPh2 (15) (eq. 10). The 
1H NMR spectrum of 15 .,............ ............ 
16 
(10) 
consists of singlet resonances for the 71 5 -C5(CH3 ) 5 (6 1. 82) and Zr-H 
( 15 6. 29) protons as well as phenyl proton resonances. Although the 
hydride complex could not be crystallized, treatment of 15 with excess 
""' 
CH3I afforded the yellow crystalline solid Cp*2Zr(I)OCH =CPh2 (1§_) . (52% 
isolated yield based on!) and methane (0. 9 mole CH4 /mole _!i)
24 
(eq. 11). Elemental analysis, molecular weight, 1H NMR spectros~ 
* /0.........._ ,.,...Ph * /0........._ /Ph 
Cp 2Zr .._ ,......C=C........_ + CH3I - Cp 2Zr......._ ,......C=C........_ + CH4 





copy, and m. spectroscopy are all consistent with the formulation of 
16 as an enolate complex. ,...,.. 
Due to the equivalence of the substituents on the ketene, no 
stereochemical information was obtained from the reaction of di-
phenylketene with !_. To obtain this information, trimethylsilylketene 
(!l_) was used. Treatment of! with ll in t oluene solution affords a 
yellow oil consisting of two products formulated as cis- and trans-
Cp*2Zr(H)OCH=CHSiMe3 (!.!£and Ut, respectively) in a ratio of 
cis/trans = 3/1 (eq. 12). The 1H NMR spectrum of the !.7£-!lt 
17 
/0............_ /SiMe3 






* _,....o, .,.,..H 
Cp 2 Zr......._ ,........C=C........_ 




mixture consists of two 77 5 -C5(CH3 ) 5 proton resonances, one at 6 1. 85 
for the cis isomer, the other at 6 1. 80 for the trans isomer. Two 
hydride ligand resonances are observed at 6 6. 20 (cis) and a 5. 44 
(trans), consistent with those found for cis- and trans-{Cp*Zr(H)} 2 -
(0CH=CHO). 28 The trimethyl silyl protons are also inequivalent 
with resonances at 6 0. 29 (cis) and~ 0 •. 23 (trans). The somewhat 
larger, downfield shift of the trimethylsilyl proton resonance of the 
cis isomer is expected because of the greater iiteraction and resulting 
de shielding effect with the pentamethylcyclopentadienyl ligands. The 
stereochemical assignments are based on the 3 JHH coupling constants 
of the vinylic doublets. Two doublets (3JHH =9Hz) are observed for 
the cis isomer at () 7. 05 and 6 3. 89, while doublets eJHH =14Hz) for 
the trans isomer are found at 6 7. 06 and 15 4. 45 ;28 typical coupling 
constants for trans and cis vinylic hydrogens are 13-18Hz and 6-11 Hz, 
respectively. 29 Examples are given in Table 1.1. It can be seen that 
increasing the electron withdrawing ability of the olefinic substituents 
results in a decrease in the value of the vinylic coupling constants. 
Thus, while the observed values for !1£ and !1t are not as large as 
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Me3SiCH =CHO Zr(H)Cp*"2 
Me3 CH=CHOEt 













cis- and trans-{Cp*2 ZrH} 2(0CH=CHO). The stereochemical 
assignments of the other 1H NMR resonances were based on inte-
grations relative to these vinylic doublets . Treatment of the 17c-17t 
"""""" """""" 
mixture with excess CH3I gave another yellow oil formulated as cis-




H NMR spectrum of the iodo derivatives is virtually identical to 
that of the 17c-17t mixture, except for the expected absence of the 
~~
hydride ligand resonances. Unfortunately, no separation of the isomers 
or crystallization of the oil could be achieved. 
The question arises as to why both isomers are observed in the 
reaction of 1 with 13 instead of the single cis isomer as expected from 
-"' .,....,.... -
Schemes 1. 2 and 1. 4. A thermodynamic rearrangement of the cis 
isomer can be invoked to explain the formation of the trans complex. 
Attempts to convert the cis-trans mixture into the thermodynamically 
favored all trans geometry failed, however. Neither moderate heating 
19 
(< too• C) nor exposure to short-term UV radiation (254 nm) had 
discernable effect; more forcing conditions simply decomposed the 
mixture. Low temperature 
1
H NMR studies confirm that the isomer 
ratio is established at temperatures as low as -5o• C and remains 
unchanged when the reaction is performed at higher temperatures. 
1. 2. 3 Reaction of Cp*2Zr(H)X (X =Cl, F) with Trimethylsilylketene (13) 
""'" 
A second pathway in competition with that proposed in Schemes 
1. 2 and 1. 4 might also account for the formation of the trans isomer. 
One could envision the ketene coordinating to the zirconium center in 
an acyl fashion with hydride transfer to the ,a-carbon resulting in the 
formation of the acyl-hydride intermediate 18 (Scheme 1. 5). A second ,...-.., 
0 
Cp~ZrH2 + )l 
H R 
/CH~ /CH2R 
/?J • ,·T 







SCHEME 1. 5. Mechanism for the Formation of trans-
Cp*2Zr(H)OCH=CHSiMe3 (!1!} in the Reaction of 
Cp*2ZrH2 (1) with Trimethylsilylketene {13). ,... ,...,... 
hydride transfer to the a -carbon followed by ,8-hydride elimination 
affords the trans-enolate complex as per Scheme 1. 1. Precedent for 
the acyl-hydride intermediate and subsequent steps comes from work 
20 
in our laboratories with permethylzirconocene alkyl-hydride complexes. 
Compounds such as .!j_ react with CO at -5o• C to afford the 71
2 -acyl 
intermediate ~ which, upon warming, undergo a -hydride transfer and 























To test this hypothesis, a monohydrido-permethylzirconocene complex 
was used so that transfer of the second hydride would be precluded. 
None of the trans-enolate complex should then be observed. Treatment 
of Cp*2 Zr(H)X (X =Cl, F) with one equivalent of !1 affords a yellow oil 
consisting of two products formulated as cis- and trans- . 
Cp*2 Zr(X)OCH=CHSiMe3 • The 
1H NMR spectrum of this mixture is 
identical to that observed for the iodo derivatives of 17c and 17t. The """"""""" ~
isomer ratio, however, is dependent both on X and on the reaction 
solvent (Table 1. 2), but in all cases the concentration of the trans 
isomer was equal to or exceeded that of the cis isomer. Scheme 1. 5 
is, therefore, not the only possible mechanism for the formation of 
the trans isomer in this system. 
21 
TABLE 1. 2. Isomer Ratios Obtained from the Reaction of 
Cp*2 Zr(H)X (X= H, Cl, F) with Trimethylsilylketene 
(13) in Varying Solvents • .,...,.... 
starting Material Solvent Isomer Ratio (trans/cis) 
Cp*2 Zr(H)F toluene 9/1 
Cp*2 Zr(H)F pet. ether 2/1 
Cp*2 Zr(H)Cl toluene 3/1 
Cp*2 Zr(H)Cl pet. ether 1/1 
Cp*2 Zr(H)Cl THF 2/1 
Cp*2 ZrH2 pet. ether 1/3 
* Cp 2 ZrH2 toluene 1/3 
Cp*2 ZrH2 THF 1/2 
1. 2. 4 Reaction of Cp*ZrH2 (!) with t-Butylallene (~). 
The foregoing results are consistent with a mechanism involving 
nucleophilic attack of an oxygen lone pair of the ketene on the highly 
oxophilic zirconium(IV) center in Cp*2 Zr(H)X (X =H, Cl, F) (Scheme 1. 6). 
--
X s H, Cl, F 
SCHEME 1. 6. Interaction of Ketenes with Monohydride Derivatives 
of Permethylzirconocene. 
22 
The isomer ratio might then depend on electronic effects associated 
with each substituent X as well as on solvent. This contrasts with a 
mechanism involving initial7T-coordination to either the carbonyl or 
olefinic bond of the ketene. Because a ketene 1r-adduct similar to 
intermediate 7 in Scheme 1. 2 is not formed, the reaction of free 
"' 
ketenes with Cp*2 Zr(H)X need not be stereoselective. Thus, a mixture 
of isomeric products is obtained. To preclude this "lone pair" attack, 
a sterically hindered monosubstituted allene (!-butylallene (~))was 
used. Reaction of 1 with 22 would be expected to give the unstable 
"' """" 
1r-allyl intermediate 23 which would rearrange to the more stable cis-
"""' -
CI -allyl zirconium hydride complex M (Scheme 1. 7). Although reaction 
Cp2ZrH2 + IL 
1 22 ,... 
SCHEME 1. 7. Proposed Mechansim for the Reaction of Cp~Zr~ (1) 
"' with t-Butylallene (22). - ............ 
of 1 with allene gives only the stable 71'-allyl complex 25 (eq. 14), 31 
"' """" 
unfavorable steric interactions between the !_-butyl group and the 
C * c * z~ (14) p 2 ZrH2 + = = - p 2 r 'H 
25 ............ 
23 
pentamethylcyclopentadienylligands should give the more stable 
a-allyl complex with the substituted allene. 
Treatment of 1 with one equivalent of 22 affords an orange ,..... "'""' 
solution containing unreacted 1 and two products identified as ,..... 
Cp*2 Zr(H)CH2CH2C(CH3 ) 3 (!1) and Cp"2ZrC=CHC(CH3) 3C~C=CCHC(CH3) 3C~ 
(26) (eq. 15). No a-allyl or 1r-allyl complexes were observed . ............ 
Although neither product could be isolated from the reaction mixture, 
their presence was verified by ~ NlVIR spectroscopy following their 
successful isolation (vide infra) . When 1. 5 equivalents of~ are used, 
no unreacted 1 is observed and both 26 and 27 are formed in equimolar 
,..... "'""' """" 
amounts (eq. 16). If excess 22 is employed(> 1. 5 equivalents), 23 
"""" "'""' 
and a new product, identified as CH2 =CHCH2 C(CH3 ) 3 (~), are the only 
products observed in addition to unreacted allene (eq. 17). 
Cp';,ZrH, + 1. 0 - _x .. Cp';,Zr~ + Cp';,r~ 
1 22 26 27 
+ unreacted 1 (15) 
1 + 1. 5 22 ----~~ 26 + 27 (16) ............ 
1 + 1. 5 22 ----·~ 26 + ~ ,..,... + unreacted 22 ,..,... (17) 
28 
A mechanism which accounts for these observations is outlined in 
Scheme 1. 8. Cp*2 ZrH2 reacts with E._-butylallene to give a 1r-allyl inter-
mediate 23 which rearranges by an equilibrium step to the 1T -olefin ,..,... 
complex 29, analogous to the equilibrium that has been invoked to . ............ 
Cp2 Zr H2 + II ._. 
'k 
1 22 ...... 
24 
! =_)( 




SCHEME 1. 8. Mechanism for the Reaction of Cp"2Zr~ (1) with ...... 
t-Butylallene (22). - .......,.... 
25 
explain the equivalence of the methylene hydrogen resonance and the 
hydride ligand resonance in the 1H NMR spectrum of Cp*2 Zr(H)(7]
3 -C3H5 ).
32 
Unreacted allene then competes with the olefin for the permethyl-
zirconocene fragment giving the metallacycle ~and 1-neoheptene. 
Reaction of !. with 1-neoheptene in the rate-determining step Is. affords 
the alkyl-hydride complex ll· Because the previous steps are rapid 
compared with the final rate-determining step k1 , the supply of either 
1 or 22 is exhausted before the final step can occur. Thus, 27 is ...... "'"'"" ............ 
formed only when the supply of allene is exhausted and excess 1 ...... 
remains. The relative rate between k1 and the steps leading to 
formation of 26 was demonstrated by means of a competition experi-............. 
ment in which a homogeneous mixture of two equivalents of t-butyl-
allene and one equivalent of 1-neoheptene was added to a solution of 
Cp*2 ZrH2 at -78• C. Upon warming to room temperature, the~ NMR 
spectrum of the solution indicated ~ had formed in greater than 95% 
yield. One may conclude that k1 is at least twenty times slower than 
the next slowest step in Scheme 1. 7. Thus, when less than 1. 5 equi-
valents of 22 are used, the allene is depleted to form 26 and 28. 
"""" "'"'"" """'"" 
Unreacted 1 then reacts with 28 to give 27. When 1. 5 equivalents are 
...... """" ............. 
used, equal amounts of 26 and 27 are formed and no unreacted 1 ............ ............ ...... 
remains. However, when excess 22 is used (>1.5 equivalents) 1 is ............ ...... 
depleted before any 27 can be formed and only 26 and 28 are observed ............ ............ ............ 
as products. 
The permethylzirconocene alkyl-hydride complex 27 was identi-
'"""' 
fied by comparison of its 1H NMR spectrum with an authentic sample 
26 
prepared by treating!. with 1-neoheptene (eq. 18). The ~ NMR 
Cp~Zr~ + ~ 
1 28 
----~--· Cp~Zr~ H 
27 
spectrum of ll consists of singlet resonances for the 175-C5(CH3 ) 5 
(18) 
(IS 1. 90) and C(CH3 )3 (5 0. 97) protons and a broad singlet at 5 5. 43 for 
the hydride ligand resonance. A high field triplet ( 3JHH =6Hz) 
observed at cS 0. 23 is assigned to the zirconium-methylene resonance.33 
The remaining methylene proton resonances were not observed, 
presumably because they are buried under the 17 5 -C5(CH3 ) 5 resonance. 
The 1-neoheptene (28) produced in equation 17 was also identified by .....,.... 
comparison of its 1H NMR spectrum with that of an authentic sample. 
The exo.,..unsaturated metallacyclopentane ~ was identified by 
comparison of its 1H NMR spectrum with that of the product obtained 
by treating [Cp*2 ZrN2 ] 2N2 (g) with four equivalents of !_-butylallene 
( eq. 19). The product is very similar to one of two isomers obtained 
)( 
[ Cp*2 ZrN2 ] 2 N2 + 4 =_x ~ Cp\Zr~ + 3 N2 (19) 
12 22 26 .....,.... 
by Duggan in the reaction of g with methylallene ( eq. 20), 34 and 






assignment was made on that basis. Reaction of allene with transition 
metal complexes has been shown to give any of three different isomers 
(Figure 1. 2). Reaction of allene with 12 has been shown to give com-
""' 
M + 2 
A B c 
FIGURE 1. 2. Observed Isomeric Metallacycles in the Reaction of 
Allene with Transition Metal Complexes. 
plexes of type A and B exclusively. 34 However, when methylallene is 
used, only type A is observed. The 1H NMR spectrum of 26 is in ,...,... 
accord with this type. One 77 5-C5(CH3 ) 5 proton resonance at o 1. 90 and 
two t-butyl proton resonances at o 1. 43 and o 1. 26 are consistent with 
a single isomer consisting of two inequivalent !_-butyl groups. Broad 
multiplets at o 4. 97, o 3. 79, and 15 3. 43 are assigned to the H(6), H(7), 
and H(3) proton resonances respectively, in accord with the assign-
ments made by Duggan (Table 1. 3). The chemical shift of the H(6) 
proton resonance is indicative of an exo-substituted !_-butyl group at 
C(6) and no resonance suggestive of endo-substitution (located at o 6. 06 
in ~ is observed. This seems reasonable due to unfavorable !._-butyl-
pentamethylcyclopentadienyl ligand interactions which would occur in 
the C(6) endo-silbstituted isomer. Unfortunately, resolution of the 
multiplets c alld not be achieved using a 90 :.MHz spectrometer. The 
13C{ 1H} NMR spectrum was also consistent with the proposed 
28 
TABLE 1. 3. 
1 13 
Comparison of H and C NMR Spectral Data for 







5 n -c 5 (CH3 ) 5 1.90 
H(11) 1.43 
H(10) 1.26 
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5 n -c 5 C~H3 > 5 11.9 
29 
configuration. The 7J_5 -C5 (CH3 ) 5 carbon resonances at c5 119 
(7J5-Qs(CH3 ) 5 ) and 011.9 (1]
5-C5(~H3) 5) and !_-butyl carbon resonances 
at c5 34.6 (C(8)), c5 32.4 (C(9)), and 6 34.2 (C(10)), c5 31.6 (C(11)) are 
in accord with a single isomer consisting of two inequivalent !_-butyl 
groups. The one low field resonance at 6 196 is characteristic of a 
single sp2 -hybridized carbon adjacent to zirconium (C(2)) and the high 
field resonance at c5 48. 3 is assigned to an sp3 -hybridized carbon 
adjacent to zirconium (C(5)). The remaining carbon assignments were 
made by comparison with the 13C{ 1H} NMR spectrum of 1!:._ and by 
carbon-hydrogen coupling constants in the coupled spectrum of 26. ,...,.._ 
Although the stereochemistry of C(7) is somewhat uncertain, the 
reaction of 12 with methylallene never affords an isomer with endo-,...,... --
stereochemistry at C(7'). By analogy, we believe 26 is also exo-
""" -
substituted at C ( 7). 
1. 2. 5 Reaction of Cp*2 Zr(H)Cl with !:-Butylallene (~) 
The reaction of Cp*2 ZrH2 with !_-butylallene was not successful in 
generating a a-allyl complex because of the second hydride migration 
to afford the 1r-olefin intermediate 29. To preclude the transfer of a ,...,.._ 
second hydride ligand, the mono-hydride complex Cp*2 Zr(H)Cl (~)was 
used. Treatment of 32 with one equivalent of 22 affords cis-.,._,..._ ,...,.._ -
Cp*2 Zr(Cl)CH2CH=CHCMe3 (~)quantitatively by 
1H NMR spectroscopy 
(eq. 21). The 3 JHH vinylic coupling constant of 13Hz observed in the 










H ·NMR spectrum of lli_ is consistent with the proposed cis-stereo-
chemistry. 35 Although only one isomeric product is initially observed 
in the reaction of~ with~ (evident by single 71 5-C5 (CH3 ) 5 and C(CH3 ) 3 
proton resonances), solutions of 33c do isomerize completely after 24 
-"""" 
hours at room temperature to give the corresponding trans isomer 





24 hrs • Cp*2Zr~ Cl A 
33t 
orange crystalline solid in 57% yield by recrystallization from 
petroleum ether. The ~ NMR spectrum of 33t is similar to that of .,...,..,... 
(22) 
lli_, except for the e~cted resonance shifts and the larger 3 JHH 
vinylic coupling constant of 15 Hz, consistent with the proposed trans 
stereochemistry. 35 The C=C stretch observed at 1630 em - 1 in the m 
spectrum of 33t is also consistent with the formulation of 33t (and 
~ ~
most likely 33c) as a O"-allyl complex. 36 The results of equation 23 
~
support the initial postulate of Scheme 1. 2 that if a TT-cummulene-
permethylzirconocene derivative can be formed, steric interactions 
dictate the stereoselective formation of a cis product. 
A proposed mechanism for the isomerization of ~ to ~ is 
depicted in Scheme 1. 9 and involves formation of a 'IT-allyl species 
which rearranges to the O"-allyl intermediate~· Rotation about the 
C-C single bond affords the O"-allyl intermediate~· Intermediate~ 
rearranges to. a second TT-allyl species which affords the trans O"-allyl 
complex 33t . Such a pathway would not be available to an enolate 
~
C * A_)( P2Zr -
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SCHEME 1. 9. Mechanism for the Isomerization of cis-Cp*2Zr(Cl)CH2CH=CHCMe3 (33c) - """'-
to trans-Cp*2Zr(Cl)CH2CH=CHCMe3 (~. 
~ ..... 
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complex, thereby explaining the absence of any trans-enediolate 
compound formed from rearrangement of the corresponding cis 
isomer in the reaction of Cp*2 Zr(C0)2 with Cp*2 ZrH2 • 
1. 3 Conclusion 
The resu1ts of this study confirm that, under appropriate 
conditions, the hydrogenation of cummulenes by permethylzirconocene 
hydride complexes is stereoselective for cis-substituted products, and 
lends credence to the mechanism outlined in Sclieme 1 . 2. It is unfor-
tunate that the use of free ketenes has not allowed us to successfully 
model this mechanism. The symmetric coupling of two ketenes to a 
single zirconium center is not surprising, however, considering the 
high oxophilicity of zirconium in these compounds and the steric con-
straints imposed by the two permethylcyclopentadienylligands. This 
oxophilicity is further demonstrated by the apparent attack of the 
zirconium center in Cp*2 Zr(H)X (X = H, Cl, F) not at the olefinic or 
carbonyl bond of the ketene, but rather at an oxygen lone pair. Such 
an attack need not follow the steric requirements imposed by Scheme 
1. 2. Thus, both cis and trans isomers are observed as reaction 
products. The reaction of !_-butylallene with Cp*2 Zr(H)Cl to afford 
exclusively that cis-substituted a-allyl complex ~' suggests that if 
1r-coordination of a cummulene to a permethylzirconocene center can 
occur, steric interactions dictate the stereoselective formation of a 
cis product. In the absence of free ketenes, Scheme 1. 2 is a viable 
mechanism for the formation of the cis-enediolate complex 8 formed in - ....... 
the reaction of Cp*Zr(C0)2 with Cp*2 ZrH2 • 
1. 4 Experimental Section 
1. 4.1 General Methods 
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All manipulations were performed in an inert atmosphere using 
high vacuum line, Schlenk-type, or glove box techniques. Argon, 
hydrogen, and nitrogen were passed through MnO on vermiculite37 and 
4 A molecular sieves. 
1. 4. 2. Physical and Spectroscopic Methods 
Proton magnetic resonance spectra were recorded using either a 
Varian EM390 or Bruker WM500 spectrometer. Chemical shifts are 
reported in ppm (6) relative to Me4 Si (6 0. 0). Carbon magnetic 
resonance spectra were recorded using a JEOL FX 90Q spectrometer. 
Chemical shffts are reported in ppm ( 6) relative to Me4 Si ( 6 0. 0). 
Infrared spectra were recorded using NaCl plates on a Beckman 4240 
spectrometer. 
Molecular weight determinations (by osmometry) and elemental 
analyses were performed by the Alfred Bernhardt Analytical Laboratory. 
1. 4. 3 Solvents and Reagents 
Solvents were purified by vacuum transfer first from LiAlH4 and 
then from "titanocene. " 38 The NMR solvents benzene-d6 and toluene-d8 
(stohler, Inc.) were vacuum transferred from titanocene. THF-~ 
(stohler, Inc.) was distilled from sodium benzophenone ketyl. Methyl 
iodide was vacuum transferred from CaH2 • 1-Neoheptene (Pfaltz and 
Bauer) was used without further purification. 
The following compounds were prepared by the reported proce-
du . [C * ] 39 c * 27 * ( ) 40 * ( ) 40 res. p 2 ZrN2 2 N2 , p 2 ZrH2 , Cp 2 Zr H Cl, Cp 2 Zr H F, 
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1. 4. 4 Cp*2 ZrOC=CHSiMe3 C=CHSiMe30 (!!) 
[Cp*2 ZrN2 ] 2N2 (!1} (265 mg, 0. 33 mmol) was dissolved in toluene 
(30 ml) and the solution cooled to -78 •c. A solution of Me3 SiCH=C=O 
(!~) (180 LJ.L, 1. 3 mmol) in toluene (0.15 mL) was added with stirring 
and the mixture warmed to room temperature. Upon warming, the 
color of the solution turned from deep purple to dark red. Toepler 
pump analysis of the gas product indicated 2. 9 mol N2/molg. The 
volume of the solution was reduced to 15 mL in vacuo and the solution 
cooled to -78• C. A brown solid precipitated which was isolated by 
filtration to afford 14 as a yellow-brown crystalline solid (130 mg). 
""""' 
A second crop was obtained from petroleum ether (15 mL) at -78• C 
(70 mg). Combined yield was 59%. Anal. Calcd for C3JI5002S~Zr: 
C, 61.06; H, 8.54; Zr, 15.46 Found: C, 61.06; H, 8.64; Zr,15.28. 
1HNMR(benzene-d6): <S4.95('s, 2H, CH); 1.87(s, 30H, C5 (CH3 ) 5); 
0.40 (s, 18H, Si(CH2 ) 3 ). 
13C NMR (benzene-d6): <S 178 (s, OC), 123 
(s, C5 (CH3 ) 5), 92.0 (d, 
1JCH =133Hz, .QHSiM9s); 10.9 (q, 
1
JCH = 
127Hz, C5(.QH3 ) 5 ; 1. 23 (q, 
1JCH = 118Hz, Si(.QH3 ) 3). m (nujol): 
v{C=C) 1560 em - 1 , v(C-0) 1280, v(C-0) 1130. 
1. 4. 5 Reaction of Cp*2Zr(C0)2 with Me3SiC=C=O (!1) to give .!1 
Cp*2 Zr(C0)2 (25 mg, 0. 06 mmol) was dissolved in C6 D6 (0.15 mL) 
in an NMR tube. The solution was frozen at -196• C and Me3 SiC=C=0 
(13) (0.12 mmol) added. The tube was sealed with a torch and heated .,...,.,.... 
at so• C for 12 hours. The~ NMR spectrum of this solution indicated 
.!1 had formed in 78% yield. Increasing the ketene concentration did 
not significantly increase the product yield. 
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* 1. 4. 6 Cp 2Zr(H)OCH=CP~ (!§) 
The procedure described in Section 1. 4. 4 was followed using 
250 mg (0. 69) Cp*2 ZrH2 OJ in 12 mL toluene and adding a solution of 
123 p.L (0. 69 mmol) Ph2C=C=O in 12 mL toluene. The color of the 
solution turned from blue to amber upon warming. Removal of solvent 
in vacuo . afforded !§.as an amber oil. ~ NMR (benzene-d6 ): l5 7. 68-
7.00(m, lOH, Ph);6.29(S, lH, ZrH); 1.82(8, 30H, C5(CH3 ) 5). The 
olefinic proton resonance is obscured by phenyl resonances. m (nujol): 
v(C=C) 1590 em-\ v(C-0) 1250, v(C-0) 1125. 
1. 4. 7 Cp*2 Zr(I)OCH=CPh2 (!j!) 
Cp*2 Zr(H)OCH =CP~ (!§_) (0. 69 mmol) (formed in situ following 
the procedure of section 1. 4. 6) was dissolved in toluene (25 mL) and 
the solution cooled to -78• C. CH3 I (1. 4 mmol) was added with stirring 
and the mixture allowed to warm to room temperature and stir for 
12 hours. Toepler pump analysis of the gas product indicated o. 9 mol 
CH4/mol !.· The volume of the solution was reduced to 15 mL in vacuo 
and the solution cooled to .. 78• C. A yellow solid precipitated which 
was isolated by filtration to afford 16 as a yellow cryStalline solid ,...,... 
(138 mg). A second crop was obtained from toluene (10 mL) at -78• C 
(115 mg). Combined yield was 52%. Anal. Calcd for C34H41I0Zr: C, 
59. 72; H, 6. 04 ; I, 18. 56; Zr, 13. 34; MW, 675. Found: C, 59. 84; 
1 
H, 6. 29; I, 18. 76; Zr, 13. 23; MW, 684. H NMR (benzene-d6): 7. 60-
7.07 (m, lOB, Ph); 2.82 (s, 30H, C5(CH3 ) 5). The olefinic proton 
resonance is obscured by phenyl resonances. IR (nujol): v(C=C) 
1592 em - 1 , v(C-0) 1238; v(C-0) 1120. 
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1. 4. 8 cis- and trans-Cp*2 Zr(H)OCH=CHSiMe3 01£, 11!) 
The procedure described in section 1. 4. 4 was followed using 
250 mg (0. 69 mmol) Cp*2 ZrH2 (!) in 50 mL toluene and adding a solution 
of 92.5 iJ.L (0. 69 mmol) Me3SiCH=C=O (!,ID in 15 mL toluene. Removal 
of solvent in vacuo afforded the 17c-17t mixture as a yellow oil. The 
~ ,.,.,...,.. 
1H NMR spectrum of this oil indicated an isomer ratio of cis/trans = 2/1. 
!1£. ~ NMR (benzene-d6): l5 7. 05 (d, 
3
JHH =9Hz. 1H, CHSiMe3 ), 
1. 85 (s, 30H, C5 (CH3 ) 5 ), 0. 23 (s, 9H, Si(CH3 ) 3 ). 
!7t ~ NMR (benzene-da): o 7. 06 (d, 3JHH =14Hz, 1H, CHSiMe3); 
1.80 (s, 30H, C5 (CH3 ) 5); 0.23 (s, 9H, Si(CH3 ) 3 ). 
1. 4. 9 cis- and trans-Cp*2 Zr(I)OCH=CHSiMe3 
The cis-, trans-Cp*2 Zr(H)OCH=CHSiMe3 (!1£,11!) mixture 
(0. 69 mmol) (formed in situ following the procedure of section 1. 4. 8) 
was dissolved in pet. ether (30 mL) and the solution cooled to -78 • C. 
CH3I (1. 4 mmol) was added with stirring and the mixture allowed to 
warm to room temperature and stir for 3 hours. Toepler pump 
analysis of the gas product indicated 0. 9 mol CH4/moll. Removal of 
solvent afforded a yellow oil. 
cis Isomer. ~ NMR (benzene-da): 7. 01 ( d, 3 JHH = 9Hz, 1H, OCH); 
4.07(d, 3JHH=9Hz, 1H, CHSiMe3), 1.85(s, 30H, C5(CH3) 5) ; 0.31 
(s, 9H, Si(CH3 ) 3). 
trans Isomer. ~ NMR (benzene -d6): 7. 12 ( d, 
3 
JHH = 14 Hz, 1H, OCH); 
4. 55 (d, 3 JHH =14Hz, 1H, CHSiMe3 ); 1. 80 (s, 30H, C5(CH3 ) 5), 0. 27 
(s, 9H, Si(CH3 ) 3 ). 
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1. 4.10 cis- and trans-Cp*2 Zr(Cl)OCH=CHSiMe3 
Cp*2 Zr(H)Cl (ll} (50 mg, 0.13 mmol) was dissolved in toluene 
(15 mL) and the solution frozen at -196• C. Me3 SiCH=C=0 (ll) 
(0.13 mmol) was added by vacuum transfer and the solution warmed 
to room temperature with stirring. Removal of solvent in vacuo 
afforded a yellow oil. The~ NMR spectrum of this oil indicated an 
isomer ratio. cis/trans = 1/3. 
cis Isomer. 
1
H NMR (benzene-cia): o 4.11 (d, 3JHH =9Hz, lH, CHSiMe3); 
1. 87 (s, 30H, C5(CH3 ) 5); 0. 32 (s, 9H, Si(CH3 ) 3 ). The remaining vinylic 
doublet was obscured by solvent. 
trans Isomer. ~ NMR (benzene-d6): o 6. 89 ( d, 
3 
JHH = 14Hz, 1H, OCH); 
3 • 
4. 59 (d, JHH = 14Hz, lH, CHSiMe3); 1. 87 (s, 30H, C5(CH3 ) 5); 0. 20 
(s, 9H, Si(CH3 ) 3). 
1. 4.11 cis- and trans-Cp*2 Zr(F)OCHc::CHSiMe3 
The procedure described in section 1. 4.10 was followed using 
250 mg (0. 65 mmol) Cp*2 Zr(H)F in 25 mL toluene and adding 0. 65 mmol 
Me3 SiCH=C=O (13). Removal of solvent in vacuo afforded a light yellow . .....,.. 
oil. The 1H NMR spectrum of this oil indicated an isomer ratio of 
cis/trans = 1/9. 
cis Isomer. ~ NMR (benzene-d6): o 4.12 (d, 
3
JHH =9Hz, lH, CHSiMe3); 
1. 81 (s, 30H, C5(CH3) 5), 0. 35 (s, 9H, Si(CH3 ) 3 ). The remaining vinylic 
doublet was obscured by solvent. 
trans Isomer. 1H NMR (benzene-d6): o 6.99 (d, 
3JHH =14Hz, lH, OCH); 
4. 54 (d, 3JHH =14Hz, lH, CHSiMe3 ); 1. 87 (s, 30H, C5(CH3 ) 5); 0. 20 
(s, 9H, Si(CH3 ) 3). 
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1.4.12 Reaction of Cp*2 ZrH2 (!)With 1.0 Equivalents of 
Me3CCH=C=CH2 (E) 
Cp*2 ZrH2 (!) (25 mg, 0. 068 mmol) was placed in an NMR tube and 
dissolved in 0. 3 mL toluene-d8 • The solution was frozen at -196• C, 
the tube evacuated, and Me3CH=C=CH2 (0. 068 mmol) added by vacuum 
transfer. The tube was sealed with a torch, warmed to -78• C, shaken, 
and then warmed to room temperature. The color of the solution 
changed from blue to orange upon warming. The 
1
H NMR spectrum of 
this solution indicates the presence of unreacted !_, ~' and ll based on 
comparison with the 1H NMR spectra of authentic samples (vide infra). 
1. 4.13 Reaction of Cp*2 ZrH2 (!) with 1. 5 Equivalents of 
Me2 SiCH=C=CH2 (~) 
The procedure described in section 1. 4.12 was followed using 
25 mg (0. 068 mmol) Cp *2 ZrH2 OJ in 0. 3 mL toluene-~ and adding 
0.102 mmol Me2CH=C=CH2 (~) • . The 
1H NMR spectrum of this solution 
indicates the presence of 26 and 27 in approximately equal concen-""'"" ........,..._ 
trations based on comparison with the 1H NMR spectra of authentic 
samples (vide infra). 
1. 4.14 Reaction of Cp*2 ZrH2 (!) with 3. 0 Equivalents of 
Me3CCH=C=CH2 (E) 
The· procedure described in section 1. 4.12 was followed using 
25 mg (0. 068 mmol) Cp*2 ZrH2 (!) in 0. 3 mL toluene-~ and adding 
0. 20 mmol Me3 CH =C ~H2 (~). The 
1H NMR spectrum of this solution 
indicates the presence of unreacted 22, 1-neoheptene (28) and 26 based 
........,..._ """""" """ 
on comparison with the~ NMR spectra of authentic samples (vide infra). 
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1. 4.15 Reaction of Cp*2 ZrH2 (!) with Me3 CCH::C::CH2 (~) and 
1-neoheptene (28) - Competition Experiment ,...,.. 
Cp*2 ZrH2 (!) (10 mg, 2. 8 mmol) was placed in an NMR tube and 
dissolved in toluene-<Ia (0. 4 mL). The solution was cooled to -78• C 
and a homogeneous mixture of Me3CCH::CH2 (~) (10 J.LL, 1. 0 mmol) 
and 1-neoheptene (~) (4. 0 J.LL, 4. 0 mmol) added via syringe. The 
tube was capped with a rubber septum, shaken, and slowly warmed to 
room temperature with constant sloshing of the solution. The 1H NMR 
spectrum of this solution indicated 26 in greater than 95% yield. 
""-"' 
* 1. 4.16 Cp 2 ZrCH2C=CHCMe3CH2C::CCHCMe3 (~ 
[Cp*2 ZrN2 ] 2N2 (.!!) (150 mg, 0.19 mmol) was dissolved in toluene 
(12 mL) and the solution cooled to -78• C. Me3CCH=C::CH2 (~ (26 J.LL, 
0. 076 mmol) was added via syringe and the solution slowly warmed to 
room temperature with stirring. The color of the solution changed 
from purple to orange upon warming. Toepler pump analysis of the 
gas product indicated 2. 9 mol N2/mol !]_. The solvent was removed 
in vacuo and the residue triterated with pet ether (5 mL). The mixture 
was cooled to -78• C and then filtered at this temperature to afford 26 
"""" 
as an orange crystalline solid (80 mg, 78%). Anal. Calcd for C34H54Zr: 
C, 73.69; H, 9.83; Zr, 16.48. Found: C, 73.60; H, 9.61; Zr, 16.66. 
1H NMR (benzene-d6)- see Table 1. 3: 0 4. 97 (m, 1H, H(6)); 3. 79 (m, 
1H, H(6)); 3.43 (m, 2H, H(2)); 1.90 (s, 30H, C5(CH3 ) 5); 1.43 (s, 9H, 
H(9)); 1. 26 (s, 9H, H(10)). The C(4)H2 resonances were presumably 
buried under the !_-butyl resonances. 
13
C NMR (benzene-da) see 
Table 1. 3: 6 196 (s, C(1)); 142 (s, C(3)); 136 (d, 1JCH =167Hz, C(5)); 
40 
135.6 (d, 1JCH =167Hz, C(6)); 119 (s, g5(CH3)s); 52.8 (m, C(2)); 
1 48.3 (m, C(4)); 34.6 (s, C(7)); 34.2 (s, C(8)); 32.4 (q, JCH =127Hz, 
Cs(QH3)s). 
1. 4. 17 Cp*2 Zr(H)CH2CH2 C(CH3 ) 3 (ll} 
Cp*2 ZrH2 (!) (200 mg, 0. 055 mmol) was dissolved in toluene 
(10 mL) and the solution cooled to -78• C. 1-Neohe}tene (28) (75 mg, .......... 
0. 076 mmol) was added via syringe and the solution warmed to room 
temperature with stirring. The color of the solution turned from blue 
to yellow-green upon warming. Removal of solvent in vacuo afforded 
ll as a yellow-green waxy solid (90 mg, 35%). Anal. Calcd for 
C27H46Zr: C, 70. 21; H, 10. 04. Found: C, 69. 97; H, 9. 80. 
1H NMR 
(benzene-d6): ~ 5. 43 (s, 1H, ZrH); 1. 90 (s, 30H, C5(CH3 ) 5); 0. 97 (s, 
9H, C(CH3 ) 3 ); 0.23 (t, 
3JHH =6Hz, 2H, ZrCH2). The remaining 
methylene resonances were not located. 
1.4.18 cis-Cp*2 Zr(Cl)CH2CH=CHCMe3 (~ 
Cp*2 Zr(H)Cl (~) (30 mg, 0. 098 mmol) was placed in an NMR 
tube and dissolved in C6D6 (0. 3 mL). Me3CCH=C=CH2 (~ (10 mg, 
0.10 mmol) was added to the solution via syringe and the tube capped 
and rapidly shaken. The color of the solution turned from colorless to 
bright orange upon addition at the allene. The 1H NMR spectrum of 
this solution indicated 33c had formed quantitatively and the spectrum ....,.._ 
was taken immediately as 33c isomerizes to 33t over a period of hours • ....,.._ ....,.._ 
l ( ( 3 3 H NMR benzene-d6): ~ 5. 40 dt, JHH = 13Hz, JHH =8Hz, 1H, 
CH2C!!); 4.87 (d, 
3JHH =13Hz, C!!CMe3 ); 1.83 (s, 30H, C5(CH3) 5); 
1.42 (dd, 4JHH =8Hz, 
3
JHH =2Hz, ZrCH2); 1.30 (s, 9H, C(CH3 ) 3). 
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1. 4.19 trans-Cp*2 Zr(Cl)CH2CH=CHCMe3 (~ 
Cp*2 Zr(H)Cl (~ (120 mg, 0. 30 mmol) was dissolved in toluene 
(8 mL) and the solution cooled to -78• C. Me3 CCH=C=CH2 (42 fJ.L, 
0. 44 mmol) was added and the solution warmed to room temperature 
and stirred for 24 hours. The color of the solution turned from 
colorless to bright orange upon warming. The solvent was removed 
in vacuo and the residue triturated with pet. ether (5 mL). The 
mixture was cooled to -78° C and filtered at this temperature to afford 
33t as an orange crystalline solid (85 mg, 57%). Anal. Calcd for 
~
C27H43ClZr: C, 65.61; H. 8.77. Found: C, 65.28; H, 8.58. 
1H NMR 
3 3 
(benzene-d6): o 5. 73 (dt, JHH = 15Hz, JHH = 1. 5 Hz, lH, CH2C!!); 
5.15 (d, 
3
JHH =15Hz, 1H, C!!CMe3 ); 1. 83 (s, 30H, C5(CH3 ) 5); 1.50 
4 3 
(dd, JHH = 8.0 Hz, JHH = 1.5 Hz, ZrCH2); 1.13 (s, 9H, C(CH3 ) 3 ). 
IR (nujol): v(C=C) 1630 cm-1 • 
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Synthesis and Reactivity of 
Ketene Complexes of Permethylzirconocene 
48 
2. 1 Introduction 
The results presented in Chapter 1 indirectly suggest that ketene 
adducts of permethylzirconocene may be viable models for inter-
mediates in the reaction of Cp*2 Zr(C0}2 with Cp*2 ZrH2 • Although free 
ketenes were shown to model this system poorly, the reaction of 
Cp*2 Zr(H)Cl with !_-butylallene confirmed that if 7r-coordination of a 
cummulene to a permethylzirconocene center can occur, steric 
requirements dictate the stereoselective formation of a cis product 
upon hydride migration. The results using !_-butylallene are encour-
aging and instructive, but to properly model the ketene intermediates 
proposed in Scheme 1. 2, mononuclear monoketene adducts of per-
methylzirconocene were required. 
Two reports indicate that zirconocene-ketene complexes can be 
prepared by the base-induced dehydrohalogenation of zirconocene 
haloacyl compounds. Messerle has found that treatment of 
Cp*2Zr(COCH2CMe3 )Cl with CH2PMe3 affords two isomeric ketene 
complexes, as evidenced by~ and 13C NMR spectroscopy (eq. 1). 1 
Molecular weight analysis of this mixture indicated that the ketene 
compounds were best formulated as dimers. Similarly, straus and 
Grubbs have found that treatment of CiJ2Zr(COCH2CH2CMe3)Cl with 
NaN(SiMe3 ) 2 afforded the dimeric ketene complex!. (eq. 2). 
2 
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Me 3C H 
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1 [ /0 ] NaN(SiMe,)2 - .- Cp,Z~~
2 
(2) 
In an effort to prepare a monomeric zirconium-ketene complex, 
Straus and Grubbs began investigations into a permethylzirconocene 
system. Treatment of Cp*2Zr(COCH3 )Br with NaN(SiM~)2 affords the 
anionic ketene complex 2 which contains a molecule of coordinated ..... 
base (Scheme 2.1). 3a, b Although~ decomposed in vacuo and could not 
be isolated, treatment with pyridine afforded the neutral pyridine-
• 1 13 
coordmated ketene complex 3. Hand C NMR spectroscopy were ..... 
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l~~ 
NaN(SiMe3) 2 -/c._ + ( ) ____ __..;..__. . .. ~ Cp~Zr,-ONa • HN SiMe3 2 
Br 
2 I pyridine 
3 
SCHEME 2. 1. Synthesis of Anionic and Neutral Permethylzirconocene 
Ketene Complexes. 
consistent with a ketene formulation. A single crystal X-ray 
diffraction study of 3 indicates a monomeric structure in which the ...... 
ketene is bound to the zirconium in an 77 2 -(C, 0) fashion. 3b Of 
particular interest is the reaction of 3 with H2 • Unlike the dime ric ...... 
zirconocene-ketene complexes discussed earlier, the monomeric 
permethylzirconocene-ketene complexes 2 and 3 react rapidly with H2 . ...... ...... 
to afford the enolate-hydride compound 1 (Scheme 2. 2). Thus, it 
appears that hydrogenation of a permethylzirconocene-ketene species 
does afford an enolate complex as suggested by the mechanism for the 




Cp~Zi( -ONa+ • HN(SiMe3) 2 
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2 ' pyr 
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-------~--' __ 1_a_tm ______ ~;t 
-pyridine 
/0""- ,...H 
Cp*2 zr, .... c=c, 
HH H 
4 
SCHEME 2. 2. Hydrogenation of Anionic and Neutral 
Permethylzirconocene Ketene Complexes. 
To investigate the stereochemistry of the permethylzirconocene-
ketene hydrogenation, a ketene complex was required in which R was 
an alkyl group. 4 Because R =H in compounds 2 and 3, no stereo-..... ...... 
chemical information is obtained in the hydrogenation of these com-
pounds. This chapter discusses the synthesis and reactivity of per-
methylzirconocene-ketene complexes in which R =Me and .!_-butyl and 
the viability of these complexes as models for intermediates in the cis-
enediolate mechanism (Scheme 1. 2). 
2. 2 Results and Discussion 
2. 2.1 Synthesis and Reactivity of Permethylzirconocene Haloacyl 
Complexes 
The synthesis of a series of permethylzirconocene haloalkyl 
complexes was achieved by reaction of the corresponding dihalide 
species with -one equivalent of the appropriate Grignard or lithio 
reagent. The ethyl-bromide ( 4) and neopentyl-chloride (5) derivatives ...... ...... 
52 
were prepared in this manner (eqs. 3, 4). Treatment of the haloalkyl 
* Cp 2 ZrBr2 + EtMgBr toluene • Cp*2 Zr(Et)Br + MgBr2 12 hrs (3) 
4 
compounds with 1 atm CO affords the haloalkyl complexes in good 
yield. The propionyl compound~ is isolated as a white powder and 
both 1H and 13C NMR spectroscopy indicate only a single isomer in 




-----·~ Cp*2 Zr,-<!-:Q. 1 atm Br 
(5) 
4 6 
772 -acyl oxygen occupies the central equatorial bonding site. Structural 
studies of related zirconocene acyl derivatives all demonstrate this 
type of oxygen coordination. 5 Treatment of the neopentyl chloride 
complex 5 with CO, however, gives a mixture of products identified ,.... 
by 1H and 
13
C NMR spectroscopy as kinetic ('I) and thermodynamic (8) "'"" .,.... 
acyl isomers with Keq26 .C = 0.98 (eq. 6). In the kinetic form (1), the 
772 -acyl oxygen occupies a lateral or "outer" site in the equatorial 
bonding plane while in the thermodynamically more favored form 8, .,.... 
the oxygen occupies the central or "inner" site. Although only a single 
775-C5(CH3 ) 5 resonance at B 1. 27 is observed in the 








the 1, !! mixture, distinct !_-butyl (o 1. 27 (1), o 1. 07 (!!)) and methylene 
(o 2.37 (1), o 3.09 (!!))proton resonances are observed as well as 
13 
distinct acyl carbon resonances ( o 329. 4 (1), o 316. 1 (!!)) in the C 
NMR spectrum. Isomerizations of this type have been observed in 
related systems6 and, recently, the crystal structures of both kinetic 
and thermodynamic isomeric forms of permethylzirconocene acyl-ylide 
complexes have been obtained (see Chapter 3). Presumably, steric 
interactions between the neopentyl and pentamethylcyclopentadienyl 
ligands result in a substantial relative concentration of 7 at equilibrium, 
"" 
a condition which does not occur to any great extent in solutions of.!!· 
Upon heating the acyl mixture (1, ~) at ao•c for several days, 
two new products formed in equal concentration were observed (where-
as an increase in the concentration of the thermodynamic isomer 8 would 
"" 




C NMR spectra of this mixture 
suggest that the new products are the cis (~)and trans (~) enolate 
chlorides formed by tautomerization of the acyl chlorides (eq. 7). 









14.3 Hz for the trans isomer confirm this formulation. A similar 
tautomerization was observed by Marks et al. when solutions of a 
thorium acyl compound were heated. 7 If the acyl species 7 and 8 are, 
"' "' 
at least in part, represented by an oxy-carbene formulation8 (Scheme 
2. 3), the tautomerization depicted in equation 7 corresponds to a formal 
SCHEME 2. 3. Representation of Oxy- Car bene Formulation. 
1, 2-hydrogen shift from an sp3 -hybridized carbon to the carbene. 
However, heating a mixture of the monodeuterated acyls 10 and 11 at 
""-""- ""-""-
80eC (eq. 8) affords the corresponding enolate products 11£H, !l£n, 
~~' and ~D with kH/knso•c = 1. 75 (implying that C-H bond 
breakage is not the only factor irwolved in formation of the transition 
state). 9 It is also interesting to note that the acyl tautomerization 
does not occur until 7/8 ~ 1. 10 The formation of the enolate products 
"' "' 
then proceeds with 9c/9t ~ 1 over the course of the so•c reaction, 
""-""-~ 
the ratio of the starting acyl species also remaining constant during 
this time. This tautomerization could conceivably follow one of three 
pathways: (1) each acyl isomer affords a single enolate isomer at 
k ~ 




Cp*2 Zr, ,c=c, 
ClH D 
.,..._..0"'- ,..CMe3 
+ Cp* Zr C=C 2 'clrf ' H 
12cH 




(2) only one acyl complex (in rapid equilibrium with its other isomer) 
tautomerizes to a 1:1 mixture of the enolate products (e. g., 
7;::: 8 - 9c + 9t); or (3) only one acyl complex (again in relatively 
""' ""' ..,......,... ~ 
rapid equilibrium with its other isomer) tautomerizes to a single 
enolate product which in turn is in relatively rapid equilibrium with 
its other isomer (e.g., 7- 9c;::: 9t ). Differentiation between these ..... .......... """" 
three possibilities has not proved possible. 
2. 2. 2 Synthesis and Reactivity of Permethylzirconocene Ketene 
Complexes 
Extension of the methodology used by straus and Grubbs in the 
preparation of ketene complexes from Cp*2 Zr(COMe)Br
3 was attempted 
with Cp*2 Zr(COEt)Br (~). Treatment of~ with LiN(CHMe2 ) 2 , however, 
did not lead to clean dehydrohalogenation. Treatment of.§. with two 
57 
equivalents of CH2PMe3 did afford a clean mixture of two products 
1 13 31 
identified by H, C, and P NMR spectroscopy as~- and~-
Cp*2Zr(OCCHMe) · CH2PMe3 {13E, 13Z)
11 in a ratio of 13E/ 13Z= 
~~ ~~ 




\ / c 
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solid in 71% yield. Elemental analysis as well as spectral data are 
consistent with formulation of 13E and 13Z as ketene-ylide species . .,..,....,.... ~
Both isomers are similar to the neutral pyridine complex 
Cp*2Zr{OCCH2) • pyr ~), where a base (in this case CH2PMe3) is 
coordinated to the zirconium center. The ketenic proton resonances 
1 
observed at o 5. 80 {13E) and o 4. 50 {13Z) in the H NMR spectrum of 
~ """"" 
the mixture are in the same general region as the ketenic proton 
resonances of 3 (o 4. 57, 3. 51). 3' 12 Both 13E and 13Z are formulated 
...... ~ ~
as the oxygen "in" isomers, since it is unlikely that an oxygen "in"-
oxygen "out" rearrangement would occur upon dehydrohalogenation of 
the starting acyl complex. The higher relative concentration of the Z 
isomer is expected because of the minimal steric repulsions between 
the Cp* ligands and the ketenic proton in 13Z as compared with a ............... 
greater steric interaction between the Cp* ligands and the methyl group 
58 
in 13E. The 13E, 13Z mixture does not appear to be an equilibrium 
~ ~~
condition; heating the mixture at so•c results in decomposition, and 
not the isomerization from one isomer to the other. However, it may 
be the case that a shift in equilibrium is simply not detected with the 
temperature range employed. 
Treatment of the Cp*2 Zr(COCH2CMe3)Cl mixture (1, §)with two 
equivalents of CH2PMe3 affords a single ketene-ylide complex, formu-
lated as Z-Cp*2 Zr(OCCHCMe3) • CH2PMe3 (!1), in 43% isolated yield 







Cp*2 Z\-O + PMe4Cl (10) 
CH2 PMe3 
14 
structure. The ketenic proton resonance observed at o 4. 22 in the 1H 
NMR spectrum of 14 is very similar in chemical shift to that observed ............ 
for complex 13Z (o 4. 44). In addition, structural studies of the 
~
related kinetic and thermodynamic acyl-hydride complexes 15 and 16 
"""" """" 
(Figure 2. 1) indicate that these species are represented in part by a 
ketene formulation (see Chapter 3). In both cases, the PMe3 group is 
* E to the -OZrCp 2 moiety. Thus, the configuration of !! is also 
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H + 




2 ' H 
16 
FIGURE 2. 1. Permethylzirconocene Acyl-Ylide Complexes. 
assigned the Z geometry. Apparently, steric interactions between the 
"' 
Cp* ligands and the ~-butyl group are important so that formation of the 
~ isomer is inhibited. As proposed in Scheme 1. 2, only a single z 
ketene isomer should be observed if the ketene substituent is sufficiently 
large. Thus, 14 seems to be a good model for the ketene intermediate 
"'"'"" 
~ proposed in Scheme 1. 2. 
The addition of one equivalent of LiN(CHMe2 ) 2 to a solution of the 
acyl mixture 8, 9 results in the formation of the anionic ketene-amine 
" "' 
complex !1 (eq. 11). Unlike its analogue, [Cp*2 Zr(OCCH2)Cl] -Li+ • 
HN(SiMe3 ) 2 , !1 is stable in vacuo and can be isolated as an orange-
white solid in 72% yield. Molecular weight analysis indicates that 17 
"'"'"" 
exists as a monomer in solution. The ~ NMR spectrum of 1 7 indicates 
""' 
the presence of coordinated HN(CHMe2 ) 2 and a ketenic proton resonance 
is observed at 6 4.19. The position of this ketenic proton resonance is 
quite close to that found for 13Z (6 4. 44) and 14 (4. 24) and indicates 
"""'"'""' ""' 
that !1 is also best formulated as the Z isomer. In analogy with !1, 
60 
7 8 ,... 
17 
steric repulsions inhibit the formation of the ~ isomer. 
Analogous to the reactivity of 2, 17 reacts with bases to form ...., ~
neutral, base-coordinated ketene complexes. The reaction of !1 with 
CH2PMe3 in benzene solution results in precipitation of LiCl and for-
mation of the ketene-ylide complex 14 (eq. 12). Treatment of 17 with 
~ ~
1 atm CO affords the novel ketene-carbonyl complex 18 (eq. 13). 
~
-LiCl 
















Although !i can only be isolated as a green oil, spectral data confirm 
a ketene-carbonyl formulation ; a ketenic proton resonance at o 4. 49 
1 
and a carbonyl carbon resonance at o 228. 0 are observed in the H and 
13C NMR spectra, respectively. The IR spectrum of a benzene solution 
of 16 displays a single band in the terminal carbonyl region at 1987 em -I_ ,.......... 
This frequency is somewhat lower than that found in a Zr(IV) species 
(Cp*2 ZrH2(CO), v(CO) = 2046 em -
1
)
13 yet higher than that of a Zr(II) 
species (Cp*2 Zr(C0)2 , v(CO) = 1942 cm-
1
). 
14 Thus !i, and undoubtedly 
some of the other permethylzirconocene-ketene complexes, can be 
formulated to some extent as 1r-bound ketene adducts (Figure 2. 2), 
again establishing the viability of these species as models for inter-
mediate 2 in Scheme 1. 2 • .,.... 
0 




FIGURE 2. 2. 7T -Bound Ketene Adduct of Permethylzirconocene. 
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2. 2.1 Reaction of Permethylzirconocene-Ketene Complexes with 
Hydrogen 
The proposed stereoselective hydrogenation of the permethyl-
zirconocene-ketene intermediate 2 is the last step in the formation of 
"' 
the cis-enediolate complex (Scheme 1. 2). As mentioned earlier, the 
hydrogenation of [Cp *2 Zr(OCCH2)Cl] Na • HN(SiMe3 ) 2 (~ or 
Cp *2 Zr(OCCH2 ) • pyr (ID does afford the enolate hydride complex 1_, 
although no stereochemical information is obtained because of the 
equivalence of the ketene substituents. Treatment of the 13E, 13Z .,...,...,.... ""-"""" 
mixture(~/~= 1. 6) with 1 atm H2 , however, affords both cis (!1£) 
and trans (19t) enolate hydride complexes in a ratio of 19c/19t = 1. 6 
""""' """"' """"' 
(eq. 14). 
3 
JHH vinylic proton coupling constants of 13.3 Hz and 7. 0 Hz 








_..0 , H 
+ Cp* zr..-- ·c=c/ 
2 ... / ' 
HH Me 
19c 19t 
for the trans and cis isomers, respectively, are observed in the 
1
H 
NMR spectrum of the 17c/17t mixture and confirm this formulation. 
~ """"' 
Distinct hydride ligand resonances at 6 6. 80 (19t) and 6 6.10 (19c) as 
"'""'"'"' """"' 
well as distinct Cp* and t-butyl proton resonances are also observed. 
(14) 
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Analogous to the hydrogenation of 3, that of the 13E, 13Z mixture also 
...... ~ """"' 
proceeds with dissociation of the complexed base, leaving the enolate-
hydride mixture ylide free. Comparison of the ketene mixture ratio 
(13Z/13E = 1. 6) with the enolate hydride mixture ratio (19c/19t = 1. 6) 
,.....,......,~ ~~
suggests that the ketene hydrogenation occurs with retention of stereo-
chemistry. 
Finally, the original premise that a sterically-hindered per-
methylzirconocene-ketene species should undergo hydrogenation stereo-
selectively to a cis-enolate product is supported by the hydrogenation 
of the !_-butyl ketene derivatives. Treatment of 11, .!1, or ~ with 
1 atm H2 affords the cis-enolate hydride complex ~ (> 96% cis) 
(Scheme 2. 4). The 1H NMR spectrum of ~indicates a single hydride 
H \ ....-CMe3 c 
II 
- C, 





l ~' 1 atm 
-LiCl 
-HN(CHMe2 ) 2 
' 





Cp*Zr-0 2 'co 
18 
SCHEME 2. 4. Hydrogenation of Sterically-Hindered Ketene 
Complexes of Permethylzirconocene. 
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ligand resonance at o 6. 23 and two vinylic proton resonances at o 6. 26 
and l> 3. 49 (
3 
JHH = 7. 9 Hz). Compl~x ~can be isolated as an extremely 
hydrocarbon- soluble white solid in 43% yield by treating }1 with 
H2 • Unfortunately, attempts to convert the cis isomer into the trans 
geometry, which is expected to be thermodynamically favored, were 
unsuccessful. Similar to the thermal stability observed with other 
permethylzirconocene enolate-hydride species (see Chapter 1), 
complex 20 is stable at modest temperatures (so•c). Treatment of 
~
~ with excess CH3 I affords the cis iodo derivative fu (3 JHH = 7. 9 Hz) 
and methane (0. 92 mol CH4 / mol !j!) (eq. 15). Heating a solution of 
21c at so•c for several days, however, does completely convert 21c 
~ ~
to the trans-enolate-iodide ill e JHH = 13.2 Hz) (eq. 16), establishing 
that the trans isomer is thermodynamically favored. The reason for 
the lower thermal stability of the enolate-iodide 21c as compared with 
~
the enolate-hydride 20 is not known. 
"""-
0 / CMe 
c *Zr/ ' c=c 3 p 2 ' ;' ' HH H 
· CH / 0 , /CMe3 
+ xs CH3I -
4 
• Cp~Zr___ ~C=C, (15) 
IH H 
20c 21c 
/ 0 '- / CMe3 
Cp~Zr, ,.C=C, 
I H H days • 
/ o, ..... H 
Cp*2 Zr, .,....C=C, 




2. 3 Conclusion 
The results presented in this chapter support the postulate 
presented in Scheme 1. 2 that hydrogenation of mononuclear sterically-
hindered ketene complexes of permethylzirconocene afford stereo-
selectively cis-substituted enolate-hydride products. Recently, the 
carbene-carbonyl coupling step has also been verified in our labora-
tories. Cp2 Zr(CO)=CH0Zr(H)Cp*2 was found to rearrange in the 
presence of pyridine to the ketene complex Cp2 Zr(pyr)OC=CHOZr(H)Cp*2 •
15 
Unfortunately, the hydrogenation of this compound does not proceed 
cleanly to an enolate product. Nevertheless, these results provide an 
insight into the mechanism by which Cp*2Zr(C0) 2 and Cp*2 ZrH2 react to 
form cis-[Cp*2 Zr(H)] 2 (OCHCHO). 
2. 4 Experimental Section 
2. 4. 1 General Methods 
All manipulations were performed in an inert atmosphere using 
high vacuum line or glove box techniques. Argon and hydrogen were 
passed through MnO on vermiculite15 and 4 A molecular sieves. 
2. 4. 2 Physical and Spectroscopic Methods 
Proton magnetic resonance spectra were recorded using either 
a Varian EM390 or JEOL FX90Q spectrometer. Chemical shifts are 
reported in ppm (<'>) relative to Me4Si (<'> 0. 0). Carbon magnetic 
resonance were recorded using a JEOL FX90Q spectrometer. 
Chemical shifts are relative to Me4 Si (0 0. 0). Phosphorous magnetic 
resonance spectra were recorded using a JEOL FX90Q spectrometer. 
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Chemical shifts are relative to external H3P04 (6 0. 0). Infrared 
spectra were recorded using NaCl plates on a Beckman 4240 spectro-
meter. 
Elemental analyses were performed by the Dornis and Kolbe 
Microanalytical laboratories. Molecular weight analyses were per-
formed using isothermal distillation following the Signer method. 17 
2. 4. 3 Solvents and Reagents 
Solvents were purified by vacuum transfer first from LiA lli4 and 
then from "titanocene". 18 NMR solvents benzene-d6 and toluene-d8 
were vacuum transferred from titanocene. CH3 I was vacuum trans-
ferred from CaH2 • Carbon monoxide (Matheson) was used without 
further purification. 
The following compounds were prepared by the reported proce-





2. 4. 4 Cp*2 Zr(Et)Br (1) 
Ethylmagnesium bromide (2. 8 M in Et20, 180 JJ.L, 0. 50 mmol) 
was added via syringe to a stirred suspension of Cp*2 ZrBr2 (250 mg, 
0.48 mmol) in toluene (8 mL) at -78° C. The suspension was warmed 
to room temperature and stirred for 12 hours. White MgBr2 began to 
precipitate from the yellow solution after several hours . The solvent 
was removed in vacuo, the residue triturated with pet ether (10 mL), 
and the suspension then filtered to remove the MgBr2 • The volume of 
the solution was reduced to 2 mL in vacuo. Cooling of the solution to 
-78 o C for 1 hour afforded 4 as a yellow crystalline solid which was ..,.... 
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isolated by filtration (170 mg, 75%). Anal. Calcd for C22H35BrZr: 
C, 56.14; H, 7.50; Br, 16.98. Found: C, 56.29; H, 7.45; Br, 17.20. 
~ NMR (benzene-d6): o 1. 88 ( s, 30H, C5 ( CH3 ) 5); 1. 40 (t, 
3 JHH = 8. 6 Hz, 
3 
3H, CH2C!b); 0. 58 (q, JHH = 8. 6Hz, 2H, ZrCH2). 
2. 4. 5 Cp*2 Zr(CH2CMe3)Cl (~) 
Cp*2ZrC~ (750 mg, 1. 7 mmol) and LiCH2 CMe3 (170 mg, 2. 2 mmol) 
were dissolved in toluene (20 mL) and the solution stirred for 12 hours 
at room temperature. The suspension was filtered to remove the white 
LiCl and the yellow filtrate evaporated to dryness in vacuo. The 
residue was triturated with pet. ether (8 mL), the suspension cooled to 
-78 • C for 1 hour, and then filtered at this temperature to afford 5 as a ,.... 
yellow powder (624 mg, 77%). Anal. Calcd for C25H41C1Zr: C, 64.12; 
H, 8.82, Zr, 19.48. Found: C, 64.07; H, 8.64; Zr, 19. 71. 1H NMR 
(benzene-d6): o 1. 80 (s, 30H, C5(CH3 ) 5); 1. 23 (s, 9H, C(CH3 ) 3 ); 0. 53 
(s, 2H, ZrCH2). 
2. 4. 6 Cp*2Zr(COEt)Br (ID 
Cp*2 Zr(Et)Br 1 (150 mg, 0. 32 mmol) was dissolved in toluene 
(8 mL) and the solution stirred under 1 atm CO for 2 hours. The 
solvent was removed in vacuo and the yellow-white residue triturated 
with pet. ether (4 mL). The suspension was cooled to -78° C for 1 hour 
and then filtered at this temperature to afford 6 as a white powder ...... 
(130 mg, 82%). Anal. Calcd for C23H35Br0Zr: C, 55. 40; H, 7. 08; 
Zr, 18.29. Found: C, 55.29; H, 6.96; Zr, 18.17. 1HNMR(benzene-
d6): o 2. 82 (q, 3 JHH = 7. 6Hz, 2H, ZrCH2); 1. 77 (s, 30H, C5(CH3 ) 5); 
1. 06 (t, 3JHH = 7. 6Hz, 3H, CH2 C!!3). 
13C{~} NMR (benzene-d6 ): 
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o 323.6 (s, CO); 117.4 (s, _g5(CH3 ) 5); 38.21 (s, ZrCH2 ); 12.03 (s, 
C5(_gH3 ) 5); 11.77 (s, CH~3). IR (nujol): v(CO) 1537 cm-
1
• 
* 2. 4. 7 Cp 2 Zr(COCH2CMe3)Cl (1, ~) 
The procedure described in sectio~ 2 •. 4. 6 was followed using 
0.50 g (1.1 mmol) cp*2 Zr(COCH2CMe2)Cl (§)in 8 mL toluene and 
stirring under 1 atm CO for 2 hours. The solvent was removed in 
vacuo and the residue triturated with pet. ether (5 mL). Cooling of 
this suspension at -78 • C followed by filtration at this temperature 
afforded the 7, 8 mixture as a light-yellow powder (350 mg, 66%) • .,... .,... 
Anal. Calcd for C2JI41Cl0Zr: C, 62.92; H, 8.33; Zr, 18.38. Found: 
C, 62.85; H, 8.20; Zr, 18.54. The 
1
H NMR spectrum of this solid 
indicates 8/7 = 3. 1 . .,... .,... 
1 . 1· H NMR (benzene-d6): t> 2.37 (s, 2H, CH2); 1. 73 (s, 30H, C5(CH3 ) 5); 
1. 27 (s, 9H, C(CH3 ) 3 ). 
13C{ 1H} NMR (benzene-cia): 6 329.4 (s, CO); 
118.6 (s, _g5(CH3 ) 5); 59.4 (s, CH2 ); 31.0 (s, _g(CH3 ) 3 ); 30.5 (s, C(_gH3 ) 3); 
11. 8 (s, C5(_gH3 ) 5). 
~· 1 H NMR (benzene-d6): t> 3.09 (s, 2H, CH2 ); 1.73 (s, 30H, C5 (CH3 ) 5); 
1.07 (s, 9H, C(CH3 ) 2). 
13CeH} NMR (benzene-d6): 316.1 (s, CO); 
117.3 (s, _g5(CH3 ) 5); 51.8 (s, CH2 ); 31.0 (s, _g(CH3 ) 3); 30.2 (s, 
C(_gH3 ) 3 ); 11. 8 (s, C5(_gH3) 5). 
2. 4. 8 Thermolysis of Cp*2 Zr(COCH2CMe3)Cl (_1, ID to form cis- and 
trans-Cp*2 Zr(Cl)OCHCHCMe3 (~, ~) 
Cp*2 Zr(COCH2CMe3 )Cl (_1, ~) (60 mg, 0.13 mmol) and C6D6 
(0. 9 mL) were placed in an NMR tube which was then sealed under 
vacuum with a torch. The solution was heated at so• C for 6 days. 
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The ~ NMR spectrum of this solution indicates ~~~ = 1/1. 
~· ~ NMR (benzene-de): ~ 6. 22 (d, 
3 
JHH = 8. 2Hz, 1H, CHO); 4. 01 
( d, 3 JHH = 8. 2 Hz, lH, C!fCMe3 ); 1. 86 (s, 30H, C5 (CH3 ) 5); 1. 28 (s, 
9H, C(CH3 ) 3 ). 
13CeH} NMR(benzene-de): o144.7(s, CH0);121.8 
(s, .Q
5
(CH3 ) 5); 114.4 (s, .QHCMe3); 31.46 (s, C(.QH3) 3 ); 30.86 (s, 
.Q(CH3 ) 3 ); 11. 61 (s, C5(.QH3 ) 5). 
~ . 1H NMR (benzene-de): o 6. 63 (d, 3 JHH = 14.3 Hz, 1H, CHO); 4. 82 
(d, 3JHH=14.3Hz, lH, .QHCMe3 ); 1.85(s, 30H, C5(CH3 ) 5);1.08(s, 9H, 
C(CH3 ) 3). 
13
C{ 1H} NMR (benzene-d6): ~ 146.8 (s, CHO); 121.8 (s, 
.Q5(CH3 ) 5); 118.0 (s, .QHCMe3); 31.11 (s, C(.QH3 ) 3 ); 30.51 (s, Q(CH3 ) 3 ); 
11. 61 (s, C5 (.QH3 ) 5). 
2.4.9 Cp*2 Zr(CHDCMe3 )Cl 
The procedure described in Section 2. 4. 5 was followed using 
250 mg (0. 58 mmol) Cp*ZrC12 and 50 mg (0. 64 mmol) LiCHDCMe3 in 
8 mL toluene. After filtration and removal of solvent, the residue was 
triturated with 6 mL pet. ether and the suspension cooled to -78 • C for 
2 hours. Filtration of this suspension at -78• C afforded the product as 
a yellow crystalline solid (150 mg, 55%). 
2. 4.10 Reaction of Cp*2 Zr(CHDCMe3)Cl with CO and Thermolysis to 
Form cis-, trans-Cp*2 Zr(Cl)OCHCDCMe3 (~, ll.ta) and 
cis-, trans-Cp *2 Zr(Cl)OCDCHCMe3 (~D' !lf:n) 
Cp*2 Zr(CHDCMe3 )Cl (120 mg, 0. 26 mmol) was dissolved in 
toluene (15 mL) and the solution stirred under 1 atm CO for 12 hours. 
The solvent was removed in vacuo and the residue redissolved in 
0. 4 mL CeD8 • The solution was transferred to a NMR tube which was 
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then sealed with a torch. The solution was heated at so• C for 72 hours. 
to give a mixture of ~H' !lf:H, llio, and }1t0 as evidenced by 
1
H 
NMR spectroscopy (lliH/~tH = }l£0 /}1t0 = 1, ~/!1£0 = 1. 74, 
gtH/~to = 1. 75). 
1 3 
~ H NMR (benzene-d6): o 6. 23 (t, JDH = 3. 3Hz, 1H, CHO); 1. 86 
(s, 30H, C5 (CH3 ) 5); 1. 28 (s, 9H, C(CH3 ) 3). 
1 3 ll£o H NMR (benzene-d6): o 4. 01 (t, JDH = 3. 3Hz, lH, CHCMe3 ); 
1. 86 (s, 30H, C5(CH3 ) 5); 1. 28 (s, 9H, C(CH3 ) 3 ). 
g~ ~ NMR (benzene-d6): o 6. 63 (t, 
3JDH = 6. 6Hz, 1H, CHO); 1. 85 
(s, 30H, C5 (CH3 ) 5); 1. 07 (s, 9H, C(CH3 ) 3 ). 
!1_t0 ~ NMR (benzene-d6) : o 4.80 (t, 
3
JDH = 6.6 Hz, lH, CHCMe3 ); 
1. 85 (s, 30H, C5(CH3 ) 5); 1. 07 (s, 9H, C(CH3 ) 3 ). 
2. 4.11 ~-, .?;- Cp*2 Zr(OCCH3) • CH2 PMe3 (~, !E) 
Cp*2 Zr(COMe)Br (.§) (180 mg, 0. 36 mmol) was dissolved in 
toluene (8 mL) and the solution cooled to -78• C. With rapid stirring, 
CH2 PMe3 (180 JJ.L, 1. 3 mmol) was added to the solution via syringe 
and the mixture allowed to warm to room temperature and stir for 
12 hours. The yellow suspension was filtered to remove the white 
PMe4Br and the solvent removed in vacuo. The yellow residue was 
triturated with pet. ether (3 mL), the suspension cooled to -78• C for 
1 hour and then filtered at this temperature to afford 13E, 13Z as a 
~~
white-yellow crystalline solid (130 mg, 71%). The~ NMR spectrum 
of this solid indicates 13Z/13E = 1. 6/1. Anal. Calcd for C27H450PZr: 
~~
C, 63.86; H, 8.93; Zr, 17.96. Found: C, 63.56; H, 8.99; Zr, 18.11. 
~· 1H NMR (benzene~d6): o 5. 80 (q, 
3




JHH = 6.6 Hz, 3H, CH(C!!3)); 1.97 (s, 30H, C5 (CH3 ) 5), 0.99 
(d, 2JPH = 14.6 Hz, 9H, P(CH3 ) 3); -0.43 (d, 
2








(benzene-d6): o 190.8 (s, CO); 112.9 (s, C5(CH3 ) 5); 81.02 (s, ~H(CH3)); 
30.14 (s, CH(~H3)); 16.40 (d, 
2Jpc =53 Hz, P(CH3 ) 3 ); 12.28 (s, 
C5(~H2) 5); 5.57 (d, 
2
Jpc =25Hz, CH2P). 
1 3 ill· H NMR (benzene-d6): o 4. 50 (q, JHH = 6. 6 Hz, 1H, C!!(CH3)); 
3 2 
2. 38 (d, JHH = 6. 6Hz, 3H, CH(C!!3)); 1. 03 (d, JPH = 14.6 Hz, 9H, 
2 31 { 1 } P(CH3 ) 3 ); -0.43 (d, JPH = 18.1 Hz, 2H, CH2 P). P H NMR 
(benzene-d6): 6 26.45 (s, P); 
13C{ 1H} NMR (benzene-d6): 6190.4 (s, 
CO); 113.4 (s, ~5(CH3)5) ; 81.63 (s, ~H(CH3)); 30.14 (s, CH(~H3)); 
16.71 (d, 2 JPC =74Hz, P(CH3 ) 3 ); 12.46 (s, C5(~H3)5); 5. 57 (d, 
2JPC = 25 Hz, CH2P). 
2. 4.12 ~-Cp*2Zr(OCCHCMe3) • CH2 PMe3 (!_1) 
The procedure described in section 2. 4. 11 was followed using 
200 mg (0. 43 mmol) Cp*2 Zr(COCH2CMe3)Cl (1, ~) in 8 mL toluene and 
adding 90 J.l..L (1. 0 mmol) CH2PMe3 • After filtration and removal of 
solvent, the residue was triturated with pet. ether (4 mL), the 
suspension cooled to -78• C and then filtered at this temperature to 
afford 14 as an off-white powder (102 mg, 43%). Anal. Calcd for 
"""" 
C30H510PZr: C, 65.52; H, 9.35; P, 5.63; Zr, 16.59; mol. wt. 550. 
Found: C, 65.45; H, 9.18; P, 5.40; Zr, 16.75; mol. wt. 582 (see 
ref. 17). 1H NMR (benzene-de): o 4.22 (s, 1H, CH); 1.87 (s, 30H, 
2 
C5(CH3 ) 5); 1.64 (s, 9H, C(CH3 ) 3 ); 0.97 (d, JPH = 14.0Hz, 9H, 
P(CH3 ) 3); -0.43 (d, 
2





(benzene-d6): ~ 26.59 (s, P); 
13C{ 1H} NMR (benzene-de): c5 186.8 (s, 
C)); 112. 7 (s, ~5(CH3) 5); 97. 32 (s, ~HC(CH3)3); 34. 30 (s, ~(CH3)3) ; 
33.26 (s, C(~H3)3); 13.97 (d, 
1Jpc =49Hz, P(CH3 ) 3 ); 12.37 (s, 
C5(~H3) 5); 5. 53 (d, 
1
JPC =23Hz, CH2 P). 
2. 4.13 E-[Cp*2 Zr(OCCHCMe3 )Cl] -Li+ • HN(CHMe2 ) 2 (!J) 
Cp*2 Zr(COCH2CMe3 )Cl (1, ~) ( 450 mg, 0. 91 mmol) and 
LiN(CHMe2 ) 2 (110 mg, 1. 0 mmol) were dissolved in toluene (8 mL) and 
the suspension stirred for 12 hours at room temperature. The cloudy 
orange solution was then filtered and the solvent removed in vacuo. 
The residue was triturated with pet. ether (6 mL), the suspension 
cooled to -78• C for 1 hour and then filtered at this temperature to 
afford !1 as an orange-white powder (364 mg, 72%). Anal. Calcd for 
C32H55ClLiNOZr: C, 64.00; H, 9.19; Zr, 15.12; mol. wt. 561. 
Found: C, 64.52; H, 9.22; Zr, 15.37; mol. wt. 430 (see refs. 17 and 
1 
22). H NMR (benzene-de): 15 4.19 (s, 1H, CH); 2.43 (m, 1H, NCH); 
3 
1.90 (s, 30H, C5(CH3 ) 5); 1.40 (s, 9H, CHC(C!!3 ) 3); 0.83 (d, JHH = 
6. 6Hz, 12H, N(CHC(C!!3) 2 ) 2). The amine proton resonance was not 
located. 13C{ 1H} NMR (benzene-de): '5189.3 (s, CO) ; 115.3 (s, 
~5(CH3)5) ; 102.8 (s, ~HC(CH3)3); 45.68 (s , ~H(CH3)2); 32.71 (s, 
~(CH3)3); 32.59 (s, C(~H3)3); 22.88 (s, CH(~H3)2 , 12.13 (s, C5(~H3)5). 
2. 4.14 Reaction of E-[Cp *2 Zr(OCCHCMe3)Cl] -Li+ • HN(CHMe2 ) 2 (!1) 
with CH2 PMe3 to give E-Cp*2 Zr(OCCHCMe3 ) • CH2 PMe3 (!,!) 
~-(Cp*2Zr(OCCHCMe3)Cl] -Li+ • HN(CHCMe2 ) 2 (!1) (20 mg, 
0. 04 mmol) was dissolved in C6 D6 (0. 4 mL) in an NMR tube and 
1 
CH2PMe3 (5 !J.L, 0. 06 mmol) added to the solution via syringe. The H 
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NMR spectrum of the solution indicates 14 and HN(CHMe2) 2 as the only 
"""" 
products by comparison with the 1H NMR spectra of authentic samples 
(vide supra). 
2. 4.15 Z-Cp*2 Zr(OCCHCMe3)CO (!&} 
Z-[Cp*2 Zr(OCCHCMe3)Cl] -Li+ • HN(CHM~)2 (!1) (30 mg, 
0. 06 mmol) was dissolved in toluene (5 mL) and the solution stirred 
under 1 atm CO for 2 hours. Upon addition of the CO, the color of the 
solution turned from yellow to green. Removal of solvent in vacuo 
afforded 18 as a dark green oil (80% by 1H NMR spectroscopy). 1H 
"""" 
NMR (benzene-de): o 4.49 (s, 1H, CH); 1.67 (s, 30H, C5(CH3) 5); 1.53 
(s, 9H, C(CH3) 3). 
13C{~} NMR (benzene-de): o 228.0 (s, CO); 176.2 
(s, COZr); 113.5 (s, Qs(CH3 ) 5 ; 91.10 (s, CH); 33.1 (s, C(CH3) 3); 32.3 
(s, C(CH3) 3); 10.6 (s, C5(CH3)s). IR (benzene solution): v(CO) 1987 cm-
1
• 
2. 4.16 Reaction of~-, ~-Cp*2 Zr(OCCHMe) · CH2 PMe3 (ill,~) with~ 
to give cis- and trans-Cp*2 Zr(OCHCHMe)H (fu, ~. 
~-, ~-Cp*2Zr(OCCHMe) · CH2 PMe3 (ill,~) (100 mg, 0. 20 mmol) 
was · dissolved in toluene (5mL) and the solution stirred for 1 hour 
under 1 atm H2 • Removal of solvent in vacuo afforded an extremely 
soluble white residue, the 1H NMR spectrum of which indicates 19c 
~
and 19t (19c/19t = 1. 6/1). 
~.,..,...,..~ 
fu. 1H NMR (benzene-de): i5 6. 64 (dq, 3JHH = 7. 0 Hz, 4JHH = 1. 9Hz, 
3 3 
lH, CHO); 6.10 (s, 1H, ZrH); 4. 20 (dq, JHH = 7. 0 Hz, JHH = 6. 7Hz, 
3 
1H, CHCH3); 1.90 (s, 30H, C5(CH3) 5); 1.63 (dd, JHH = 6. 7Hz, 
4JHH = 1.9 Hz, 3H, CHC!!3). 
13C{~} NMR (benzene-de): o 147.4 (s, 
CHO); 117.9 (s, .Q5(CH3) 5); 97.13 (s, CHCH3}; 12.26 (s, CHCH3); 
74 
3 
~ 1H NMR (benzene-ds): 6 6. 80 (s, 1H, ZrH); 6. 68 (dq, JHH = 
4 3 
13.3 Hz, JHH = 1. 7Hz, 1H, CHO); 4. 65 (dq, JHH = 13.3 Hz, 
3JHH=6.7Hz, 1H, C!!CH3 );1.94(s, 30H, C5 (CH3 ) 5);1.56(dd, 
3JHH = 6. 7Hz, 4JHH = 1. 7Hz, 3H, CHC!!3 ). 
13
C{ 1H} NMR (benzene-d6): 
15149.1 (s, CHO); 118.1 (s, ~5(CH3) 5); 99.99 (s, ~HCH3); 11.74 (s, 
C5(CH3 ) 5); 9. 66 (s, CH~H3). 
2. 4. 17 cis-Cp*2 Zr(OCHCHCMe3 )H (~ 
E-[Cp *2 Zr(OCCHCMe3 )Cl] -Li+ • HN(CHCMe2) (!1) (300 mg, 
0. 54 mmol) was dissolved in toluene (8 mL) and stirred for 30 minutes 
under 1 atm H2 • Upon addition of H2 , the solution turned from yellow 
to light purple in color and became cloudy as LiCl precipitated. The 
solvent was removed in vacuo and the purple-white residue redissolved 
in pet. ether (3 mL) and the suspension filtered. Cooling of the filtrate 
at -78° C afforded little solid and so the solvent was removed in vacuo 
and 20 isolated by scraping the reaction flask with a spatula (106 mg, 
-""' 
43%). Anal. Calcd for C2JI420Zr: C, 67. 70; H, 9.17; Zr, 19. 75. 
Found: C, 67.20; H, 8.78; Zr, 19.23. ~ NMR (benzene-d6): 15 6.26 
(d, 3 JHH = 7.9 Hz, 1H, CHO); 6.23 (s, 1H, ZrH); 3.94 (d, 3JHH = 
7.9Hz, 1H, C!!(CH3 ) 3);1.97(s, 30H, C5(CH3 ) 5);1.32(s, 9H, C(CH3 ) 3 ). 
u ( 1 3 C NMR (benzene-da): 15 144.3 dd, JCH = 172Hz, JCH = 6. 6Hz, 
CHO); 118.1 (s, 95(CH3)5); 113.5 (dd, 
1JCH = 149.0 Hz, 
3 
JCH =8Hz, 
CHC(CH3 )3 ); 32.36 (s, ~(CH3)3); 31.91 (
1JCH =126Hz, C(CH3 ) 3 ); 
11.70 (q, 1JCH =126Hz, C5 (CH3 ) 5). m (nujol): v(ZrH) 1537 cm-1 • 
75 
2. 4.18 Reaction of ~-Cp*2Zr(OCCHCMe3)CO (!1) with H2 to give 
cis-Cp*2 Zr(OCHCHCMe3 )H (~. 
z-cp*2 Zr(OCCHCMe3 )CO (]&) (,..._ 10 mg) was dissolved in C6 D6 
(0. 4 mL) in an NMR tube. H2 (600 torr) was added at room tempera-
ture and the tube sealed with a torch. After 5 minutes of shaking, the 
solution had turned from green to yellow as ~was formed as con-
firmed by comparison of the 1H NMR spectrum of this solution with that 
of an authentic sample (vide supra). 
2. 4.19 Reaction of .?;-Cp*2 Zr(OCCHCMe3 ) • CH2PMe3 (!1) with H2 to 
give cis-Cp *2 Zr(OCHCHCMe3 )H (~. 
The procedure described in Section 2. 4.18 was followed using 
30 mg (0. 55 mmol) ~-Cp*2Zr(OCCHCMe3) • CH2 PMe3 (.!1) in 0 . 4 mL 
C6D6 and sealing the NMR tube under 600 torr H2 • After 5 minutes of 
shaking, the solution lightened in color as 20 was formed as evidenced ,...,.., 
by comparison of the 1H NMR spectrum of this solution with that of an 
authentic sample (vide supra). 
2. 4. 20 cis-Cp*2 Zr(OCHCHCMe3)I (n£) 
cis-Cp*2 Zr(OCHCHCMe3 )H <W (0. 71 mmol), generated in situ 
following the procedure described in section 2. 4.17, was dissolved in 
toluene (8 mL) and the solution frozen at -196• C. CH3I (1. 4 mmol) 
was added by vacuum transfer and the solution warmed to room tem-
perature and stirred for 1 hour. The color of the solution turned from 
light purple to yellow upon warming. The solvent was removed in 
vacuo and the yellow residue triturated with pet. ether (4 mL), the 
suspension cooled to -78• C and then filtered at this temperature to 
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afford 21c as a yellow microcrystalline solid (100 mg, 24%). 1H NMR 
~
3 3 
(benzene-d6 ): <56.07(d, JHH=7.9Hz, 1H, CH0);4.03(d, JHH= 
7. 9 Hz, 1H, C!!C(CH3)3); 1. 88 (s, 30H, C5(CH3)5); 1. 29 (s, 9H, C(CH3)3• 
13C{ta} NMR (benzene-cia): <5 145.2 (s, CHO); 129.0 (s, ~5(CH3) 5); 
127.9 (s, CHC(CH3)3); 31. 69 (s, C(CH3)3); 31. 37 (s, C(CH3)3); 12. 84 
(s, Cs(_gH3)s)• 
2. 4. 21 Toepler Pump Analysis of the Reaction of 
cis-Cp*2Zr(OCHCHCMe3)H (.ll£} with CH3I 
cis-Cp*2Zr(OCHCHCMe3 )H (lli) (20 mg, 0. 043 mmol) was 
dissolved in toluene (4 mL) and the solution frozen at -196• C. CH3I 
(0.10 mmol) was added by vacuum transfer and the solution warmed to 
room temperature and stirred for 1 hour. Analysis of the gas product 
revealed 0. 040 mmol CH4 (0. 92 mol CH4 /mollli). 
2. 4. 22 .Thermolysis of cis-Cp*2Zr(OCHCHCMe3 )I (fu) to give trans-
Cp*2Zr(OCHCHCMe3)I (ill) 
cis-Cp*2Zr(OCHCHCMe3)I (lli) (ca. 20 mg) was dissolved in 
C6 D6 (0. 4 mL) in an NMR tube and the solution heated at 8o•c for 
9 days. The 1H NMR spectrum of this solution indicated 2lt had 
""'""""" 
formed quantitatively. 1H NMR (benzene-cia): t5 6. 37 (d, 
3 
JHH = 13. 2Hz. 
3 
1H, CHO); 4.85 (d, JHH = 13.2 Hz, 1H, C!!C(CH3 ) 3 ); 1.93 (s, 30H, 
C5 (CH3)5); 1. 08 (s, 9H, C(CH3 ) 3 ). 
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CHAPTER 3 
The Reaction of Permethylzirconocene and Permethylhafnocene 
Hydride Complexes with Phosphorous Ylides 
81 
3.1 Introduction 
The use of phosporous ylides as reagents in organic synthesis is 
ubiquitous. 1 Only recently, however, have these phosphoranes found 
application as reagents in the synthesis of organometallic compounds. 
Early work in this area focused on the use of phosphorous ylides in 
chelating or nucleophilic reactions. 2 Little use was made of the phos-
phorane as a carbene transfer reagent (Wittig reagent) or as a strong 
base; properties which were exploited in synthetic organic chemistry. 
The basicity of phosphorous ylides was used by Schrock in the 
preparation of several zirconium and tantalum complexes. The prep-
aration of Cp2TaMeCH2 from Cp2TaMe2 and methylenetrimethyl-
phosphorane (eq. 1) results not via methylene transfer from the ylide, 
but rather by proton abstraction from one of the two methyl ligands. 3 
Other compounds were prepared using the ylide first as a nucleophile 
and second as a dehydrohalogenating agent (eq. 2). 4 Phosphorous 
ylides have also been successfully employed in the synthesis of 
several zirconium-ketene complexes by the dehydrohalogenation of 
zirconium haloacyl compounds. 5 
Similar to their use as carbene transfer reagents in organic 
synthesis, phosphorous ylides have been used to prepare several early 
transition metal carbene species by the direct transfer of a carbene 
fragment from an ylide to an organometallic compound. Schrock has 
82 
reported the preparation of tantalum alkylidene complexes by the 
reaction of phosphine compounds with the appropriate phosphorane 
(eq. 3). 6 A similar result was later reported by Schwartz in a 
zirconium system, offering spectroscopic evidence for the first 
reported example of a zirconium methylene species (eq. 4). 7 
Cp2 Ta(Me)L + CHR'P~- CP:!Ta(CHR' )Me+ L + P~ (3) 
L = PMe3 , PMe2Ph 
R =Me, Et, Ph 
R' = H, Me, Ph 
(4) 
To further investigate the possibility of CH2-transfer from 
phosphorous ylides, their reactions with permethylzirconocene and 
permethylhafnocene dihydride (Cp~Zr~, Cp~HfH2 ) has been explored. 
These hydride complexes are known to act as powerful hydride trans-
fer reagents8 and it was thought that hydride migration to the ylide 
nucleophilic carbon might be achieved to give a series of alkyl-hydride 
compounds. The insertion of methylene into a metal-hydride bond to 
afford a methyl-hydride derivative is known for some of the Group VI 
and VII transition metals using diazomethane as the car bene source, 
although the yields are typically low. 9 The insertion of methylene into 
a metal-hydride bond using a phosphorous ylide had not been previously 
reported. This chapter describes the use of methylenetrimethylphos-
phorane as a reagent in the synthesis of permethylzirconocene and 
permethylhafnocene methyl hydride as well as a permethylzirconocene 
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metallated-ylide complex. The reactivity of this metallated-ylide 
complex with CO is also discussed. 
3. 2 Results and Discussion 
3. 2. 1 Synthetic Advantages of Using Methylenetrimethylphosphorane 
Methylenetrimethylphosphorane (CH2PMe3 ) was chosen for this 
study for several reasons. First, it is one of the most nuecleophilic 
of all phosphorous ylides. 1 Coordination of the ylide to the highly 
electrophilic metal center in Cp*2MH2 (M = Hf, Zr) should proceed 
quite readily. Second, it is the least serically demanding of all phos-
phorous ylides. Because the pentamethylcyclopentadienylligands are 
themselves quite large, the incoming ylide must be small to success-
fully enter the coordination sphere of the Cp*2MH2 complex. Third 
and last, once the ylide has transferred the methylene fragment to a 
metal complex, the resulting PMe3 can either be used as a ligand to 
stabilize the complex if necessary, or simply removed from the 
reaction mixture by evacuation. 
3. 2~ 2 Synthesis and Characterization of Cp*2Hf(H)Me (1) 
Bis(pentamethylcyclopentadienyl)hafnium dihydride (Cp*2Hfii2 (!)) 
reacts with one equivalent of CH2 PMe3 at so•c after 1. 5 hours to 
afford PMe3 and Cp*2Hf(H)Me (1) in greater than 95% yield as evidenced 
by 1H ~R spectroscopy (eq." 5). 10 Although the colorless methyl-
(5) 
1 4 
hydride complex is extremely soluble in hydrocarbon solvents, it may 
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be recrystallized from petroleum ether at -78 •c in 30• yield. The 1H 
NMR spectrum of 4 consists of a single resonance for the Cp* protons 
'"' 
(01. 90) and a high field singlet at 0 -0. 65 consistent with a methyl 
group bound to hafnium. 11 The hydride ligand resonance is observed 
as a broad singlet at 012.97, upfield of the starting complex 1 (015.6). 
'"' 
A Hf-H stretch is also observed in theIR spectrum at 1600 cm-1 • 
The formation of Cp*Jif(H)Me from Cp*2Hfil2 and CH2 PMe3 is 
unique in that it is the first example of methylene insertion into a 
metal-hydride bond using a phosphorous ylide as the carbene source. 
Hydrides of the later transition metals are, apparently, not sufficiently 
hydridic to effect this transformation;12 the protonic nature of later 
transition metal hydrides probably results in their deprotonation when 
treated with phosphorous ylides. Complex 4 is also unique in that it is 
. '"' 
the first example of a monomeric group IV methyl-hydride complex. 13 
Although Cp2 Zr(H)Me has been reported, it is undoubtedly polymeric 
and has not been well characterized. 14 The general instability of 
methyl-hydride complexes has been suggested to account for the rarity 
of these species. 15 , 16 Cp*2Hf(H)Me is, however, remarkably stable; 
solutions of 1 remain unchanged even after several weeks at 80 • C. 
3. 2. 3 Mechanism of the Formation of Cp*2Hf(H)Me (1_) 
The mechanism of this insertion reaction could follow one of two 
pathways. In the first (Scheme 3.1), the ylide coordinates to the 
highly electrophilic hafnium(IV) center through the nucleophilic carbon 
giving the 18-electron ylide-dihydride intermediate ~· Loss of PMe3 
from 2 affords a dihydrido-methylene intermediate which then 
'"' 
$ 
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SCHEME 3. 2. 1, 2-Hydrogen Shift Mechanism for the Formation of Cp*2Hf(H)Me (4) . ...... 
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undergoes methylene insertion into a hafnium-hydride bond affording 
the product 4. In the second me·chanism (Scheme 3. 2), the ylide-...... 
hydride intermediate ~ is again formed and by a concerted 1, 2-hydrogen 
shift with loss of PMe3 , affords the methyl-hydride complex 1 directly. 
Intermediates such as 2 have been proposed in other reactions ...... 
involving ylides and zirconium complexes 7' 17 and Green has isolated 
a tungsten ylide-hydride species in the reaction of a tungsten-ethylene 
complex with PMe2 Ph. 
18 Although several tantalum carbene compounds 
have been prepared, 3' 6 few are known for zirconium. Schwartz has 
obtained spectroscopic evidence for a zirconium methylidene species 7 
and recent work in our laboratories has afforded the crystal structure 
of the zirconocene carbene complex C"P2Zr(CO)(CHOZr(H)Cp*2). 
19 The 
1, 2-hydrogen shift mechanism (Scheme 3. 2) is similar to that involving 
hydride migration to an alkyl ligand with resultant loss of PMe3 • If 
one views the ylide-hydride intermediate 2 as a stabilized carbene com-..... 
plex, the difference between the two mechanistic pathways is small. 
At present, it is uncertain which pathway is operative. 
3. 2. 4 Reaction of Cp*2Hf(H)Me (4) with CH3I 
Treatment of 4 with excess methyl iodide affords the yellow iodo 
""" 
derivative Cp*2Hf(I)Me (§)and methane (0. 90 mol CH4/mol1)
21 (eq. 6), 
verifying that 4 is a monohydride species. 22 1H NMR and m spectral 
""-






3. 2. 5 Reaction of Cp*2ZrH2 (§) with CH2PMe3 
The zirconium analogue of 1, Cp*2ZrH2 (6), also reacts with a ,... ,... 
three-fold excess of CH2 PMe3 at room temperature but affords two 
products identified by 1H NMR spectroscopy (vide infra) as Cp *2 Zr(H)Me 
* (1) (71%) and Cp 2 Zr(H)CH2PMe2CH2 (ll) (29%) (eq. 7). Toepler pump 
- c~ ~ 
Cp~Zr/ 'PM~ 
H ' CH;' 
3 CH2 PMe3 -------1.-.- Cp\Zr(H)Me + 
6 7 (71%) ....... 11 (29%) .,......... 
analysis of the gas product confirmed that for each equivalent of 11 
"""" 
formed, one equivalent of CH4 was also produced. Although neither 7 ,... 
nor 11 could be isolated cleanly from the conditions of equation 7, 7 ,...,... ,... 
could be obtained in greater than 90% yield ( ~ NMR spectroscopy) by 
treating an 80° C toluene solution of 6 with excess CH2PMe3 and heating ........ . 





. .- Cp*2 Zr(H)Me + PMe3 mm 
7 ........ 
(8) 
-7s•c afforded 7 in 31% isolated yield. 20 The spectral data of 7 are ........ ........ 
similar to that of 1 except for the expected higher field shift of the 
hydride ligand resonance in the 1H NMR spectrum (6 6.15). Analogous 
to 4, 7 reacts with excess methyl iodide to afford methane (0. 9 mol ................ 
CH4 /mol1)
21 and a yellow compound formulated as Cp*2 Zr(I)Me <!1)· 
Further heating of the zirconium methyl-hydride complex 7 with ........ 
89 
CH2PMe3 at 8o•c for 24 hours affords the dimethyl compound Cp*2 ZrMe2 
(13) ( eq. 9) identified by comparison of its ~ NMR spectrum with that 
""""'"" 
* Cp 2Zr(H)Me + xs CH2 PMe3 (9) 
7 13 ,... ,...,... 
of an authentic sample. 23 No resonances characteristic of 11 were ,...,... 
observed. Although Cp*2 ZrMe2 is readily formed when Cp *2 Zr(H)Me 
is treated with CH2PMe3 , no such product is obtained when Cp*~f(H)Me 
is treated with CH2PMe3 , even after several weeks at 80• C. Typically, 
the hydride complexes of zirconium are found to be more reactive than 
those of hanium. 24 
3. 2. 6 Synthesis and Characterization of Cp*2 Zr(H)CH2PMe2CH2 (!!) 
The metallated-ylide complex 11 is prepared by treating ,...,... 
Cp *2 Zr(H)Cl (!!} with two equivalents of CH2 PMe3 at room temperature 
for 12 hours (eq. 10). PMe4Cl is removed from the toluene solution by 
- CH2 + 
--.. ·~ Cp\Zr~ ,:PMe2 + PMe4Cl H CH2 
8 ,... 11 (10) 
filtration and 11 can be isolated from the filtrate as an orange crystal-,..,.. 
line solid in 73% yield. The~ NMR spectrum of 11 consists of a ,...,... 
single resonance due to the Cp* protons (f) 1.93) and a doublet ( 3JPH = 
45.6 Hz) for the hydride ligand resonance at relatively high field 
( 0 4. 40). Although the two methyl groups on phosphorous are equivalent 
90 
2 (6 1. 03, JPH = 12.5 Hz), the two methylene moieties (15 -0.68 and 
o -0. 90) are not. Selective decoupling experiments establish that the 
lower field methylene ligand is coupled to the hydride ligand ( 3 JHH = 
2. 6Hz). The 13C NMR spectrum confirms the inequivalence of the 
methylene moieties with high-field resonances at 5 -4.17 eJPC = 
39.56 Hz) and~ -5.70 ( 1Jpc = 41.03 Hz). Schwartz has prepared the 
Cp analogue of 11, Cp2Zr(H)CH2PMe2 CH2 , by a different method (vide """'" --
infra). 17 The spectral data of these two compounds are nearly 
identical. 
3. 2. 7 Crystal Structure of Cp*2Zr(H)CH2PMe2 CH2 (.!!) 
The structure of Cp*2 Zr(H)CH2PMei:H2 01) was confirmed by 
X-ray diffraction. Orange crystals of 11 grown from toluene are ......,... 
monoclinic, crystallizing in the space group P21/c with four molecules 
per unit cell. The pertinent crystal data are summarized in Table 3.1. 
5540 independent measurements were taken with 4• < 2e < 55• (+h, 
±k, ±£). Using anisotropic Gaussian amplitudes for all nonhydrogen 
atoms, the least-squares refinement gave R = 0. 052 (with 3456 F: > 
3ar) and a goodness-of-fit of 2. 16. 
The molecular structure of Cp*2 Zr(H)CH2PMe2CH2 (ll) is pre-
sented in Figure 3.1 and a skeletal view of the immediate ligation 
about zirconium with relevant bond distances and bond angles is given 
in Figure 3. 2. The 77 5 -C5(CH3 ) 5 ligands are disordered and attempts 
to model this disorder resulted in a 60:40 ratio of electron density for 
rings A and B. No unusual nonbonding contacts between hydrogen 
atoms of the pentamethylcyclopentadienylligands and atoms of the 
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Formula C21H41PZr 
Formula Weight 451.78 
Space Group P21/c 
a 13. 7765(14) A 
b 1 o. 9262(12) A 
c 15. 9459(19) A 
{3 93. 358(9). 
v 2396.1(8) A 3 
z 4 















FIGURE 3. 2. Skeletal View of Cp*2Zr{H)CH2PMe2CH2 {11). a . ""'"" 




metallacycle ring are observed. The atoms of the metallocycle ring 
are nearly coplanar, with the phosphorous atom displaced from this 
plane by 0. 05 A. 
The Zr-C(1) (2. 486(5) A), Zr-C(2) (2. 467(6) A), P-C(1) 
(1. 735(5) A), and P-C(2) (1. 713(6) A.) bond distances as well as the 
C(1)-Zr-C(2) angle (65. 9(2)•) are similar to that of Zr2 [(CH2 )2 PMe2 ] 4 -
(p. -CPMe3 ) 2 , cf., the average Zr-C(2. 534(5) A) and P-C (1. 738(5) A) 
bond distances and C-Zr-C bond angle (65. 9(2) A). 25 The Zr-C bond 
distances are unusually long compared to those observed for zircono-
cene alkyl complexes, e.g., CP2Zr(CH2SiMe3) 2 (2. 28A)
26 or 
CP2Zr(CH2CMe3 ) 2 (2. 29 A), 
26 and a zirconocene acyl complex, e. g., 
C~Zr(COCH3) CHs (2. 336(7) A). 27 However, the sterically encumbered 
molecule, CP2Zr(CHPh2 ) 2 , displays an average Zr-C bond distance of 
2. 513(15) A. 28 Thus, the long Zr-C bond distances observed in 11 .......... 
may be a result of steric crowding in the coordination group around 
the zirconium atom. The P-C(l) and P-C(2) bond distances are some-
what shorter tham might be expected for a single P-C bond (1. 84A), 29 
implying additional electron delocalization into the P-C bonds of the 
CH2 -P-CH2 moiety. The Zr-H bond distance of 1. 88( 4) A compares to 
that of other zirconium complexes containing terminal hydride ligands, 
e.g., [(C5H4CH3 ) 2 ZrH(J1.-H)] (1. 78(2) A)
30 and HZr(C8Hu)(dmpe)2 
(1. 67 A), 31 and the Hf-H bond distance in Cp *~f{7J 3-C3H5)H (1. 86(7) A). 32 
The metallated-ylide complex !! is one of the few structurally 
characterized Cp2 ZrL:J-type compounds. Similar compounds whose 
structures have been established by X-ray diffraction are 
CP2Zr(COMe)Me, 27 CP2Zr(Cl)SNMe2 S, 
33 and Cp*2 Zr(OCCH2 )pyr. 
5b 
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In addition, the structure of ll is also the first example of a mono-
nuclear zirconium-hydride complex in which the hydride ligand was 
located by difference Fourier techniques and refined. 
3. 2. 8 Thermal Decomposition of Cp*2 Zr(H)CH2PMei;H2 (!!) 
,..---------. 
In contrast to the limited thermal stability of Cp2 Zr(H)CH2 PMe2CH2 
as observed by Schwartz, 17 the Cp* derivative 11 is moderately stable. 
"""'"' 
Solutions of ll do decompose after several weeks at room temperature 
and within hours at 80°C, but the decomposition is remarkably clean 
for the dimethylphosphinomethyl-methyl complex g (eq. 11). Complex 
(11) 
12 can only be isolated as an amber oil, but high field doublets in the ........... 
1H NMR spectrum at 6 0. 0 ( 
2
JPH = 6.1 Hz) and 6 -0.43 ( 4JPH = 0. 24Hz) 
suggest a formulation in which two alkyl ligands are coordinated to zir-
s 
conium. The TJ - C5 ( CH3) 5 proton resonance at 5 1. 83 displays no splitting 
by phosphorous and is observed as a sharp singlet. Formation of _!1 
most probably proceeds by methylene insertion into the Zr-H bond 
followed by elimination of the neutral phosphino ligand. This insertion 
is similar to that observed in the formation of Cp*2M(H)Me (M = Zr, 
Hf), except that the leaving -PMe2 ligand remains bonded to the zir-
conium through one of the original methylene bridges of the metallated-
ylide complex ll· A similar compound, CPaZr(Cl)CH2 PPha, has been 
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prepared by Schore in the reaction of Cp2ZrC~ with LiCH2PP~. 34 
X-ray crystal structure analysis of this compound indicates that the 
phosphorous atom is not coordinated to zirconium and that the Zr-C-P 
angle is 130•. The structure of _!lis probably quite similar to that 
observed for CP2Zr(Cl)CH2PP~. Any limited stability gained by 
coordinating the phosphorous atom to the zirconium would be negated 
by unfavorable bond distortions in forming a metallacycle-like product. 
3. 2. 9 Mechanism of the Formation of Cp*2Zr(H)CH2 PMe2CH2 (!.!) 
A possible mechanism of the formation of ll from Cp*2 Zr(H)Cl 
(_ID and CH2PMe3 is outlined in Scheme 3. 3. The first step involves 
formation of an ylide-hydridochloride intermediate !t analogous to 
intermediate~ in Schemes 3. 1 and 3. 2. A second equivalent of ylide 
then deprotonates the coordinated - CH2PMe3 ligand and by loss of Cl-
forms PMe4 Cl and the metallated-ylide-hydride complex .!.Q which re-
arranges· to the product 11. 
""'"" 
The mechanism of the formation of ll from Cp*2 ZrH2 (_ID and 
CH2 PMe3 is more complicated, however. It is clear from Toepler 
pump measurements, that for each equivalent of !.!. formed, one 
equivalent of methane is also produced. One could envision that 
CH2PMe3 promotes the reductive elimination of CH4 from Cp*2 Zr(H)CH3 
and that the resulting Zr(Il) species then inserts into a C-H bond of a 
methyl group on phosphorous. Schwartz has prepared the Cp analogue of 
ll by this method. CP2Zr(H)CH2CH(CH2) 4CH2 reacts with CH2PMe3 to 
afford CP2Zr(H)CH2PMe2CH2 and methylcyclohexane (eq. 12). 
17 The 
reaction of the corresponding dideuterated compound, 















+ PMe•c1• 4 
SCHEME 3. 3. Mechanism for the Formation of Cp*2Zr(H)CH2PMei~H2 (U) from Cp*2Zr(H)Cl (~) 





CpZr(D)CH2CD(CH2 ) 4CH2 , with CH2PMe3 gave labeled methylcyclo-
hexane and Cp.zZr(H)CH2 PMe2CH2 which was unlabeled (eq. 12). The 
specific deuterium incorporation observed in this reaction suggests that 
reductive elimination of alkane from the Zr(IV) starting material is a 
step in the mechanistic pathway. SUch a process cannot be operative 
in the Cp* system, however. Treatment of Cp*2 Zr(H)Me (1) with 
CH2PMe3 does not afford 11, but rather gives the his-inserted product ............ 
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SCHEME 3. 4. Mechanism for the Formation of Cp*2Zr(H)CH2PMe2CH2 {11) from Cp*2ZrH2 (6} ............ ...... 
and CH2PMe3• 
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of ll from Cp*2 ZrH2 (~) and CH2PMe3 , analogous to that starting with 
Cp*2Zr(H)Cl (_ID, is shown in Scheme 3. 4. The ylide-dihydride inter-
mediate 3 is the first intermediate formed and can proceed along either ....... 
of two mechanistic pathways to afford two different products. Upon 
heating, ~ decomposes by a mechanism outlined in Scheme 1. 1 or 1. 2 
to give the methyl-hydride complex, Cp*2 Zr(H)Me (1), and PMe3 • As 
was mentioned earlier, solutions of Cp*2 ZrH2 (~)and CH2PMe3 heated 
at so•c afford a greater relative concentration of 7 (as compared to 11) ....... ............. 
than do solutions maintained at room temperature. If the ylide-dihydride 
intermediate ~ proceeds along the second mechanistic pathway, a 
second molecule of ylide deprotonates the coordinated -CH2PMe3 
ligand to afford the ylide-hydride intermediate !Q and tetramethyl-
phosphonium hydride. Complex !Q rearranges to the product !! and 
PMe4H immediately disproportionates to give CH4 and PMe3 • Although 
a literature search failed to provide an example of hydride reduction 
of the tetramethylphosphonium cation (PMe;) to give CH4 and PMe3 , 
this does appear to be a viable reaction. Treatment of PMe4 Cl with 
one equivalent of Cp*2 ZrH2 (~) affords Cp*2 Zr(H)CH2 PMe2CH2 (.!!) (36%) 
and Cp*2 Zr(H)Cl ([) (64%) as the only zirconium containing products
36 
and H2 (38%) and CH4 (62%) as the only noncondensable ( -196° C) gas 
products. 21 The ~ NMR spectrum of this mixture also indicates the 
presence of free PMe3 and, presumably, HCl is also present. Thus, 
permethylzirconocene hydride complexes are capable of reducing the 
tetramethylphosphonium cation to methane and trimethylphosphine. 
The mechanism presented in Scheme 3. 4 is still more complicated, 
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however. Treatment of (1] 5-C5(C~)5)2ZrD2 with CH2PMe3 affords as 
gas products, CH4 , CH3D, and CH2D2 in approximately equal concen-
trations. 37 Although the formation of CH4 and CH3D can be accounted 
for by the mechanism outlined in Scheme 3. 4, the formation of CH2 Ilz 
cannot. The mechanism by which deuterium atoms scramble in this 
reaction is not known. 
3. 2.10 Synthesis and Characterization of (0-.£)-Cp*2 Zr(COCHPMe3)H 
(15)39 
~ 
A1though the metallated-ylide complex 11 is unreactive towards 
~
H2 and ethylene, ll does react with CO at 0° C to afford the 1] 2-acyl-
hydride complex 15 quantitatively by 1H NMR spectroscopy ( eq. 13). 
~
- /c~ + 




Complex 15 may be isolated as a purple-white solid in 61% yield be .,....,.... 
recrystallization from petroleum ether. The 1H NMR spectrum of 15 
~
displays a broad singlet at c5 3. 50 assigned to the hydride ligand reso-
nance and a doublet ( 2JPH =43Hz) at c5 3. 90 assigned to the olefinic 
proton resonance. The presence of the acyl ligand is verified by a low 
field carbon resonance observed as a doublet ( 2Jpc = 17.1 Hz) at 
c5 250.32 in the 13C{ 1H} NMR spectrum and by a CO stretching 
frequency of 1427 cm-1 (ve3 CO) 1390 em-\ calcd 1397) observed in 
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theIR spectrum. The CO stretching frequency observed for 15 is the 
"'-"' 
lowest yet reported for an early transition metal rl-acyl complex. 
Typical values range from 1470-1625 em - 1 • 38 Because of this un-
usually low CO stretching frequency and because of the ambiguity in 
coordination around the zirconium, the crystal structure of 15 was ............ 
undertaken. 
3. 2.11 Crystal structure of (O-l)-Cp*2 Zr(COCHPMe3)H • iC7H8 (!,~)
39 
The structure of (O-l)-Cp*2 Zr(COCHPMe3)H (!§)
39 was con-
firmed by X-ray diffraction methods. Blue-white crystals of 15 grown 
""""" 
from toluene are monoclinic, crystallizing in the space group P21/n 
with four molecules per unit cell. The pertinent crystal data are pre-
sented in Table 3. 2. Crystals of 15 were found to decompose over a 
""""" 
period of several days upon exposure to X-rays, and so the data were 
collected rapidly. 2838 independent measurements were taken with 
3 < 28 < 30• (+h, ±k, ±l):. Using anisotropic Gaussian amplitudes for 
all nonhydrogen atoms, the least squares refinement gave R = 0. 086 
(with 847 F: > 3a~) and a goodness-of-fit of 4. 25. 
The molecular structure of (O-l)-Cp*2 Zr(COCHPMe3)H (!.§) is 
presented in Figure 3. 3, and a skeletal view of the immediate ligation 
about zirconium with relevant bond distances and bond angles is given 
in Figure 3. 4. Although the hydride ligand was not located, the lateral 
displacement of the Zr-C(1)-C(2)-P moiety from the R1-Zr-~ plane 
( ....... 1. 7 A) indicates that the oxygen atom occupies the central equatorial 
coordination position. The PMe3 group is ~relative to the -0ZrCp*2 
moiety and the Zr, 0, C(1), C(2), and P atoms are coplanar. 
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TABLE 3. 2. Crystal Data for (O-.t)-Cp*2Zr{COCHPMe3)H • iC7 H8 (15) . .......,.... 
Formula C25H410PZr • ~C7H8 
Formula Weight 527.89 
Space Group P21/n 
a 15.125(3) A 
b 10. 646(4) A 
c 18. 306{4) A 
{3 90.168{25). 
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FIGURE 3. 4. Skeletal View of (O-l}-Cp*2Zr(COCHPMe3)H (15). a 
~ 
aBond distances are in A. The Hand H(2) hydrogens 





It is unfortunate that because of crystal decomposition, the data 
obtained from the crystal structure of 15 are not precise enough to 
"""'"' 
make valid comparisons with the structural data reported for other 
77 2 -acyl complexes. However, the structural data are sufficient to 
confirm that the oxygen atom of the 77 2 -acylligand occupies the central 
equatorial coordination site of the zirconium between the hydride 
ligand and carbon atom, unlike that observed for other TJ 2 -acyl com-
pounds in which the oxygen atom occupies a lateral equatorial coordi-
nation position. 5b, 27 The crystal structure of the thorium 77 2 -acyl 
complex Cp*2 Th(COCHCMe3)Cl is the only example which exhibits the 
same type of atom arrangement around the metal center. 40 
3. 2.12 Synthesis and characterization of (O-c)-Cp*2Zr(COCHPMe3)H 
(16) 
"""'"'' 
If solutions of 15 are allowed to warm to room temperature, a 
""""' 
second 17 2 -acyl complex (!§) is formed which is found to be in equili-
brium with ,!1 (Keq25o C = 1. 58) (eq. 14). Complex~ may be obtained 
15 
H + 
, ,.. PMe3 c 
It 





by heating solutions of 15 at 80°C for 24 hours. The spectral data of .......,.., 
16 are similar to that of 15 except for the lower field shift of the 
"""" """'"' 
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hydride ligand resonance in the 1H NMR spectrum ( 6 4. 30) and a 
slightly higher field shift of the acyl doublet in the 13C{ 1H} spectrum 
2 
(6 247. 08, JPC = 13.67 Hz). Analogous to!§_, complex!§. also 
exhibits a very low CO stretching frequency of 1417 cm-1 (v (13CO) 
1380 em-\ calcd 1370) in the m spectrum. 
3. 2.13 Crystal structure of (0-c) -Cp*2Zr(COCHPMe3)H (!§_). 
39 
The structure of (O-c)-Cp*2Zr(COCHPMe3 )H (!i)
39 was con-
firmed by X-ray diffraction methods. Colorless crystals of 16 grown 
""' 
from toluene are monoclinic, crystallizing in the space group P21/ c 
with four molecules per unit cell. The pertinent crystal data are 
presented in Table 3. 3. 4800 independent measurements were taken 
with 3• < 28 <51 e (±h, ±k, -f). Using anisotropic Gaussian ampli-
tudes for all nonhydrogen atoms, the least squares refinment gave 
R = 0. 029 (3486 F: > a:p-2) with a goodness-of-fit of 1.48. 
The molecular structure of (O-c)-Cp*2Zr(COCHPMe3)H (!§)
39 is 
presented in Figure 3. 5 and a skeletal_ view of the immediate ligation 
about ziconium with relevant bond distances and bond angles is given 
in Figure 3. 6. In contrast to the structure of ll_, the 17 2 -acyl oxygen 
atom of 16 occupies the central equatorial position. Similar to the 
""' 
structure of !§., the PMe3 group is Z relative to the -OZrCp *2 fragment 
about the olefinic bond and the H, Zr, 0, C(l), C(2), Hand P atoms 
are essentially coplanar. 
The structure of 16 is very similar to that reported for the 
""'""' 
uranium 77 2 -acyl complex CPsU(COCHPMePh2) (!1). 
42 The C-0 bond 
distances observed for !§. (1. 303(3) A) and !7. (1. 27(3) A) are shorter 
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TABLE 3. 3. Crystal Data for (0-c) -Cp*2Zr(COCHPMe3)H (~). 
Formula C25H410PZr 
Formula Weight 479.79 
Space Group P21/c 
a 9.9362(12) A 
b 10.0229(12) A 
c 25. 9367(29) A 
{3 96. 292(10). 
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FIGURE 3. 6. Skeletal View of (O-c)-Cp*2Zr(COCHPMe3)H (16). a 
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than that expected for a C -0 single bond (1. 43), 29 yet longer than that 
reported for the zirconium TJ2-acyl compound C~Zr(COMe)Me 
(1. 211(8) A), explaining why the CO stretching frequency of this com-
pound (1540 em - 1 ) is much higher than that of .!j (141 7 em - 1). The 
C(1)-C(2) bond distance of 1. 372(4) A observed for.!§. is identical to 
the C(1)-C(2) bond distance of 1.37(3) observed for 17 and is typical 
"""""' 
of a C=C double bond. Although the P-C(2) bond distance in 17 .....,... 
(1. 77(2)) is typical for a P-C single bond, the P-C(2) bond distance in 
16 is considerably shorter (1. 731(3)A), implying some P=C double 
"""" 
bond character. Thus, the structure of 16 is best represented as a ........,._, 
composite of the canonical forms A, B, and C (Figure 3. 7) in which 
electron density is distributed along the 0-C(1)-C(2)-P backbone. 
A 
FIGURE 3. 7. (O-c)-Cp*2Zr(COCHPMe3)H (16) Resonance Structures . ........,._, 
The structure of the zirconium 17_2 -C, 0 ketene complex 
Cp*2 Zr(COCH2 ) • pyr (!_ID is also quite similar to that of!§.. 
5b The 
C(1)-C(2) bond distance in!.§. (1. 333(3) A) is somewhat shorter than 
that in _!§., but the c-o distance (1. 338(2) A) is longer. This implies 
little electron delocalization from the C=C double bond into the C-0 
112 
single bond, in contrast to the electron delocalization observed for 1.§_. 
The Zr-H bond distance of 1. 89(2) A compares with that observed for 
Cp*2 Zr(H)CH2PMe2CH2 (!!) (1. 88(4) A) and also that observed for 
Cp*2Hf(77
3 -C3H5)H (1.86(7)A). 
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3. 2.14 Kinetic-Thermodynamic 77
2 
-Acyl Isomerization 
The spatial arrangement of the coordination group about zirco-
nium in!§. (vide supra) contrasts with that of!.§. in that the 772 -acyl 
oxygen atom in 16 occupies the central equatorial coordination site. 
"""" 
The reaction of 11 with CO proceeds by the stereoselective formation 
"'"""' 
of the kinetic 772 -acyl isomer!§.. (oxygen-lateral), which then isomer-
izes to the thermodynamic 77 2 -acyl isomer!§. (oxygen-central). 
Isomerizations of this type have been observed spectroscopically by 
Erker in the reaction of CP2Zr~ (R =Me, Ph) with CO (eqs. 15 and 
16). 38c, 41 Erker proposed that CO insertion into metal-carbon 


















species in which the oxygen atom occupies a lateral coordination 
position. This intermediate then isomerizes rapidly at higher temper-
atures to afford the ~-acyl product in which the oxygen atom occupies 
the central coordination position. The thermodynamic stability of 
other oxygen-central rl-acyl complexes is evident by the fact that 
nearly all crystal structures of 112-acyl complexes exhibit this type of 
oxygen-central coordination. 5b, 27 As mentioned previously, the one 
exception is the crystal structure of the oxygen-lateral thorium 
TJ2 -acyl complex Cp:Th(COCH2CMe3 )Cl. 
40 However, this complex 
does not isomerize to the oxygen-central isomer when heated, but 
rather affords a cis-enolate-chloride compound (eq. 17). The isomer-
ization of 15 to 16 is the first example of a system in which both 
"'"""' ~ 
kinetic and thermodynamic TJ2-acyl isomers have been isolated and 
structurally characterized • 
. o· 
/II 
Cp* Tli-C-CH CMe 
2 \ 2 3 
Cl 
(17) 
A proposed mechanism for the formation of the TJ2 -acyl com-
plexes ]:! and !1 from !!. and CO is depicted in Scheme 3. 5. Carbon 
monoxide promotes the reductive elimination of an alkyl ligand from 
11 to give a carbonyl intermediate which is represented as a methyl-
""""' 
enetrimethylphosphorane adduct of Zr(II). The coordinated CO then 
·o· • • 
cp• Zr/CH2"-PMe co~ .a /co .e/11 fi Cp2zr, $ ~ Cp2 Zr-C-CH2PMe3 2 I 'cH / 2 H 2 CH2 PMe3 
11 ! ,8-H abstraction ""' ..... ..... 
/H 
~ 
?C-~Me3 0 c 
•e/ \ -= '*9/\ $ 
Cp2 Zr-O 
Cp2 Zr- C ~ .,......PMe3 
I I ~c 
H H 'H 
16 15 ,..,.. """' 
SCHEME 3. 5. Mechanism for the Formation of (O-l)-Cp*2Zr(COCHPMe3)H (15) and ,...,..... 
(0- c)- Cp*2Zr(COCHPMe3)H (16). ""' 
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inserts into the Zr-C bond to afford an 771-acyl intermediate. {3-H 
abstraction affords the kinetic (oxygen-lateral) 772 -acyl complex!§. 
which above o• C is in equilibrium with its thermodynamic (oxygen-
central} 772 -acyl isomer !J!.. 
3. 2.15 Kinetics of the (0-l)-Cp*2Zr(COCHPMe3)H (15) -= """" 
(O-c)-Cp*2Zr(COCHPMe3)H ~) Isomerization 
The equilibrium isomerization of 15 to 16 occurs relatively 
"""" """" 
slowly at room temperature over the course of several hours. Thus, 
the kinetics of the approach of 15 to its equilibrium with 16 can be 
"""" .......,.... 
studied conveniently by monitoring the relative integrations of the 
PMe3 proton resonance by 
1H NMR spectroscopy. First order rates 
for kf were measured at five temperatures (Table 3. 4) and the equi-
librium rate expression plctted in Figure 3. 8. 43 An Arrhenius plot 
TABLE 3. 4. Rate Constants for (0-l)-Cp*2Zr(COCHPMe3)H (15) 
"""" 
(0-c) -cp*2 Zr(COCCHPMe3 )H (!_ID Isomerization. 
Temperature (•c) kr (x 10-4 sec - 1 ) kr(x 10-4 sec-1) 
24 0.16(1) 0.10(1) 
41 1. 6(1) o. 93(7} 
48 3. 4(3) 2. 3(2) 
56 8.1(6) 5. 8(5) 




















FIGURE 3. 8. Plot of Equilibrium Rate Expression vs. Time for the 
(0-l)- Cp*2Zr(COCHPMe3)H (~) ;::: 
(0-c)- Cp*2Zr(COCHPMe3)H (_!1) Isomerization. a 
aA
0 







2.8 3. 0 3.1 3.2 3.3 3.4 3. 5 3. 6 
1/ T x 10-3 (K-1) 
FIGURE 3. 9. Arrhenius Plots for the (O-t)-Cp*2Zr(COCHPMe3)H (15) .: 
"""""' (0- c)- Cp*2Zr(COCHPMe3)H (16) Isomerization. 
"""" 
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at five temperatures (Figure 3. 9) gives an estimate for the activation 
parameters for kf as A.H:j: = 22.4 ± 1. 8 kcal/mol and A. sf = -4. 1 ± 2. 5 eu 
and for kr as A.H:j: = 23. 2 ± 1. 9 kcal/mol and A.sf = -2. 8 ± 1. 7 eu. A. sf 
is not sufficiently negative to question the intramolecularity of this 
isomerization. The A.H:j: values give an upper limit to the Zr-0 bond 
strengths in each of the two 112 -acyl isomers, neglecting other factors 
such as solvation energies and steric effects. Re~onance stabilization 
may contribute in part to the relatively high activation enthalpy 
(22. 4 kcal/mol) of the acyl isomerization (~- !.§). As evident from 
the resonance forms A, B, and C (Figure 3. 7), the Zr-0 bond 
strengths in 15 and 16 are intermediate between that of an 112 -acyl 
"""' """' 
0- Zr dative bond and that of a full Zr-0 covalent bond, as in 
Cp*2Zr(H)OCH3 • steric effects may also contribute to the ~ - ~ 
activation enthalpy; whereas only a single isomer is observed for 
the 1]2 -acyl compounds Cp*2 Zr(COCH3)Br
5b and Cp*2 Zr(COCH2CH3), 
44 
Cp*2 Zr(COCH2CMe3 )Cl
44 exists in two forms, presumably the kinetic 
(oxygen lateral) and thermodynamic (oxygen central) Tf-acyl isomers. 
3. 3 Conclusion 
The results of this chapter demonstrate that methylenetrimethyl-
phosphorane is an effective methylene transfer reagent in the prep-
aration of methyl-hydride complexes of permethylzirconocene and per-
methylhafnocene from dihydride precursors. The formation of the 
metallated-ylide complex, Cp*2Zr(H)CH2PMe2CH2 (_g), is interesting, 
since the mechanism responsible for its formation differs from that 
of the regular Cp ring analogue, Cp2Zr(H)CH2PMe2CH2• Reaction 
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of 11 with CO affords isolable kinetic and thermodynamic acyl isomers . ......,.... 
The crystal structures of these complexes indicate that the oxygen 
atom occupies a lateral equatorial coordination position in the kinetic 
isomer while in the thermodynamic isomer, the oxygen atom occupies 
the central position. The formation of the kinetic acyl isomer followed 
by its equilibrium-isomerization to the thermodynamic isomer esta-
blishes a mechanism for CO insertion into metal-carbon bonds of the 
early transition metals. The kinetics of the approach to the acyl 
equilibrium provides an upper limit to the Zr-0 bond strength of ca. 
22-23 kcal/mol. 
3. 4 Experimental Section 
3. 4. 1 General Methods 
All manipulations were carried-out using either high-vacuum 
line or inert atmosphere glove box techniques. Argon, hydrogen, and 
deuterium were passed through MnO on vermiculite and 41\. molecular 
sieves. 
3. 4·. 2 Physical and Spectroscopic Methods 
1H NMR spectra were recorded with a Varian EM390, JEOL 
FX90Q, or Bruker WM500 spectrometer. Chemical shifts are re-
ported in ppm(<'>) relative to Me4Si (<'> 0. 0). Carbon magnetic 
resonance spectra were recorded on a JFOL FX90Q spectrometer 
chemical shifts are reported in ppm (0) relative to Me4Si (<'> 0. 0). 
Phosphorous magnetic resonance spectra were recorded on a JEOL 
FX90Q spectrometer. Chemical shifts are reported in ppm (0) rela-
tive to external H3P04 (<'> 0. 0). Infrared spectra were recorded using 
120 
NaCl plates on a Beckman 4240 spectrometer. 
Elemental analyses were performed by the Alfred Bernhardt 
Analytical Laboratories. Molecular weight analyses were determined 
by isothermal distillation using the Signer method. 
45 
3. 4. 3 Solvents and Reagents 
Solvents were purified by vacuum transfer first from LiA ffi4 and 
then from "titanocene. " 46 Benzene-d6 (Stohler, Inc.) was also puri-
fied by vacuum transfer from titanocene. TH F -<ig (Stohler, Inc. ) was 
distilled from sodium benzophenone ketyl. Methyl iodide was distilled 
from CaH2 • Carbon monoxide (Matheson) was used directly from the 
cylinder. 
The following compounds were prepared by the reported proce-
* 47 * 48 [ 5 ( ) ] 49 * ( 50 dures: Cp 2Hfii2 , Cp 2ZrH2 , 7J -C5 CD.J 5 2 ZrD2 , Cp 2 Zr H)Cl, 
CH2 PMe3 • 
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* 3. 4. 4 Cp 2Hf(H)Me (1_) 
Cp*2Hfa3 (!) (300 mg, 0. 67 mmol) was dissolved in toluene 
(12 mL) at room temperature. CH2 PMe3 (70 p.L, 0. 78 mmol) was 
added to the solution via syringe and the mixture stirred at 80"C for 
1. 5 hours. The yellow solution was cooled to room temperature and 
the solvent removed in vacuo. The yellow-white residue was dissolved 
in pet. ether (5 mL) and the solution cooled to -78•c for 10 minutes. 
A white solid precipitated which was isolated by filtration at -78 •c. 
The product 1 was obtained as a fine white powder (90 mg, 30%). 
Anal. Calcd for C21H34Hf: C, 54. 20; H, 7. 37; Hf, 38. 38. Found: C, 
54.07; H, 7.26; Hf, 38.21. ~ NMR (benzene-cia): 6116.6 (s, 
121 
1 1 
.Q5 (CH3 ) 5); 50.99 (q, JCH = 86 Hz, Hf-CH3 ); 11. 74 (q, JCH = 126 Hz, 
C5 (.QH3 ) 5). IR (mtjol) v(Hf-H) 1600 em -
1
• 
3. 4. 5 Cp*2Hf(I)Me (§) 
Cp*2Hf(H)Me (.1) (30 mg, 0. 064 mmol) was dissolved in toluene 
(5 mL) and the solution frozen at -196•c. CH3 I (0.18 mmol) was 
added by vacuum transfer and the mixture warmed to room tempera-
ture and stirred for 12 hours. Toepler pump analysis of the gas 
product indicated 0. 059 mmol CH4 (0. 93 mol CH4/mol1)· Removal of 
solvent in vacuo afforded 5 as an off-white solid . ...-. 
3. 4. 6 Reaction of Cp*2 ZrH2 (§) with CH2 PMe3 to give Cp*2 Zr(H)Me (1) 
and Cp*2 Zr{H)CH2 PMe2 CH2 {!!) 
Cp*2 ZrH2 (§) (30 mg, 0. 082 mmol) was dissolved in C6D6 (0. 4 mL) 
in an NMR tube. The solution was degassed on a vacuum line and 
frozen at -78 •c. Under argon counterflow via syringe was added 
CH2 PMe3 (20 IJ.L, 0. 22 mmol) and likewise frozen. The tube was 
evacuated, sealed with a torch, and then allowed to warm to room 
temperature and the solution sloshed for 12 hours. The color of the 
solution turned from blue to yellow upon warming. The 1H NMR 
spectrum of this solution indicates !1 {29%, 0. 024 mmol) and 1 
{71%, 0. 058 mmol) identified by comparison with the 1H NMR spectra 
of authentic samples (vide infra). The tube was broken open and 
Toepler pump analysis of the gas product indicated 0. 023 mmol 
CH4 (0. 28 mol CH4/mol §.or 0. 97 mol CH4/mol !!)· 
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3. 4. 7 Reaction of Cp*2 ZrH2 @)with PMe4 Cl 
Cp*2ZrH2 (6) (25 mg, 0. 68 mmol) and PMe4 Cl (8 mg, 0. 7 mmol) 
~ 
were placed in an NMR tube. C6D6 (0. 4 mL) was added to the tube at 
-78° C by vacuum transfer and the tube then sealed under vacuum with 
a torch. The mixture was allowed to warm to room temperature and 
sloshed for 12 hours. The 1H NMR spectrum of this solution indicates 
Cp*2Zr(H)CH2PMei;H2 (!!) (36%) and Cp*2Zr(H)Cl ~) (64%) as the only 
zirconium containing products and PMe3, identified by compar'ison with 
the 1H NMR spectra of authentic samples (vide supra). The tube was 
broken open and Toepler pump analysis of the noncondensible gases 
{-196° C) indicated H2 (38%) and CH4 (62%}. 
3. 4. 8 Reaction of [ 775-C5 (CD3 ) 5 ] 2ZrD2 with CH2PMe3 
The procedure described in Section 3. 4. 4 was followed using 20 mg 
(0.055 mmol) [775-C5 (CD3) 5 ) 2ZrD2 and 10 I.J.L (0.11 mmol) CH2PMe3 • 
After 12 hours at room temperature, the tube was broken open and the 
gas product transferred via Toepler pump into another NMR tube con-
taining 0. 4 mL C6D6• The 
1 H NMR spectrum (500 MHz) of this solution 
indicates CH4 , CH3D, and CH2D2 in approximately equal concentrations. 
3. 4. 9 Cp*2Zr(H)Me (1) 
Cp*2ZrH2 (300 mg, 0. 82 mmol) was dissolved in toluene (12 ml) 
and the solution heated to 80° C. CH2PMe3 (180 I.J.L, 2. 0 mmol) was 
added to the solution via syringe and the mixture stirred for 30 minutes 
at this temperature. The color of the solution turned from blue to 
yellow upon addition of the ylide. The solvent was removed in vacuo 
to give a white- yellow waxy solid which was redissolved in pet. ether 
(5 mL). The solution was cooled to -78° C and a white solid 
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precipitated which was isolated by filtration at -78° C to afford 1 as a 
white powder (95 mg, 31%). Anal. Calcd for C21H33 Zr: C, 66. 78; 
1 H, 9.07;Zr, 24.15. Found:C, 66.57;H, 8.90;Zr, 24.22. HNMR 
(benzene-de): o6.15 (s, 1H1 ZrH); 1. 86 (s, 30H, C5(CH3 ) 5); -0.43 (s, 
3H, ZrCH3). 
13C { 1H} NMR (benzene-d6): o 117. 4 (s, .Q5(CH3 ) 5); 44.90 
(s, ZrCH3 ); 11.83 (s, C5(.QH3 ) 5). IR (nujol): v(Zr-H) 1550 cm-
1
• 
3. 4. 10 Cp*2 Zr(I)Me (!1) 
The procedure described in Section 3. 4. 5 was followed using 
30 mg (0. 079 mmol) Cp*2 Zr(H)Me (1) and 0.16 mmol CH3I in 6 mL 
toluene. Toepler pump analysis of the gas product indicated 
0. 068 mmol CH4 (0. 9 mol CH4/mol1). Removal of solvent in vacuo 
afforded !1 as a yellow solid. ~ NMR (benzene-de): o 1. 83 (s, 30H, 
C5 (CH3 ) 5); -0.40 (s, 3H, ZrCH3 ). 
3. 4. 11 Reaction of Cp*2 Zr(H)Me (1) with CH2PMe3 to give 
* Cp 2ZrMe2 (!1). 
Cp*2 Zr(H)Me (1) (20 mg, 0. 051 mmol), CH2 PMe3 (11 J.1.L, 
0. 1"2 mmol), and CeDe '(o. 4 mL) were placed in an NMR tube. The 
solution was frozen at -196• C, the tube evacuated, and then sealed 
with a torch. The tube was warmed to room temperature and heated 
at 8o•c for 2 days. The 1H NMR spectrum of the solution indicates 
ll (80%), identified by comparison of this spectrum with that of an 
authentic sample. 
3. 4.12 Cp*2 Zr(H)CH2 PMe2 CH2 (!!) 
Cp*2 Zr(H)Cl (0. 50 g, 1. 25 mmol) was dissolved in toluene 
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(20 mL) and CH2PMe3 (330 ~L, 3. 8 mmol) added to the solution via 
syringe. The color of the solution turned from yellow to deep amber 
upon addition of the ylide and a fine white solid (PMe4 Cl) precipitated. 
The mixture was allowed to stir for 12 hours at room temperature. 
The suspension was then filtered (to remove the PMe4Cl) and the 
solvent removed in vacuo to give a yellow-orange residue. The solid 
was triturated with pet. ether (8 mL), the mixture cooled to -78° C 
and then filtered at this temperature to afford 11 as an orange crystal-
"""" 
line solid ( 41 7 mg, 73%). Anal. Calcd for C24H41 P Zr: C, 63. 81; H, 
9.15; P, 6.86; MW, 452. Found: C, 63.52; H, 8.89; P, 6.54; MW, 
1 3 
498. HNMR(benzene-d6); o4.40(d, JpH=46Hz, 1H, ZrH); 1.93 
(s, 30H, C5 (CH3 ) 5); 1. 03 (d, 
2 JPH = 12 Hz, 6H, P(CH3 ) 2 ); -0. 68 (dd, 
2 3 2 
JPH = 5.1 Hz, JHH = 2. 6Hz, 2H, ZrCH2 ); -0.90 (d, JPH =12Hz, 
2H, ZrCH2 ). 
13C{~} NMR (benzene-d6): o 111.9 (s, .Q 5(CH3 ) 5); 21.90 
(d, 1JPC =27Hz, P(CH3 ) 2 ); 12.70 (s, C5(C!!3 ) 5); -4.17 (d, 
1Jpc = 
40Hz, ZrCH2 ); -5.70 (d, 
1 JPC =41Hz, ZrCH2). 
31
P{ 1H} NMR 
(benzene-d6): o 29. 82 (s, P). 
3. 4.13 Crystal structure of Cp*2 Zr(H)CH2 PMe2CH2 (!!) 
Orange crystals of Cp*2 Zr(H)CH2PMe2CH2 (!1) grown from -. 
toluene were mounted in glass capillaries under a nitrogen atmos-
phere. A series of oscillation and Weissenberg photographs esta-
blished the crystals as monoclinic, and the systematic absences 
(OkO for k odd, hOl for 1. odd) indicated the space group P21 /c. 
Crystal data are summarized in Table 3. 1. Lattice constants were 
obtained from the least-squares refinement52 of fifteen 28 values 
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(25 < 2e < 40•); each reflection was centered at four diffractometer 
settings, (± 28, ±w, ¢, x) and (± 28, ± w, d> + rr, -x ), and the 2e values 
averaged. 
A total of 12020 reflections were collected on a locally-modified 
Syntex P21 diffractometer and included blocks of four check reflections 
measured after each 96 reflections. No decomposition was observed 
and the data were reduced to F0
2
• Observational variances, a 2(F0
2
), 
were based on counting statistics with the additional term (0. 02 x scan 
2 
counts) • 
The zirconium atom coordinates were derived from the 
Patterson map and the subsequent Fourier maps revealed the re-
maining atoms. Several cycles of full-matrix least-squares refine-
ment53 resulted in a structure with anomalously large U's for the ring 
carbon atoms. A difference Fourier map indicated disorder and 
attempts to model this disorder resulted in the 60:40 ratio of electron 
density for rings A and B using isotropic Gaussian amplitudes. 
Hydrogen atoms were introduced at idealized positions with the aid of 
6.F maps. The coordinates and Gaussian amplitudes of all hydrogen 
atoms were fixed, except for the hydride atom Hand those on the 
methylene carbon atoms. The final difference map indicated no peaks 
greater than 0. 7 e- A -3 • Details concerning the data collection and the 
final cycle of refinement are given in Table 3. 5. Atom coordinates 
and Uij 's are given in Table 3. 6. Final hydrogen atom coordinates and 
B's are given in Table 3. 7. Bond distances and bond angles are given 
in Tables 3. 8 and 3. 9, respectively. Least-squares planes of the 
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28 Scan Rate 
28 Limits 
Scan Time /Bkgrd Time 
Number of Reflectionsa 
Rb (Fo2 > 0) 
Rb (F0
2 > 3a~) 
0 
Goodness-of- Fitc 





1. o• above K 
0!2 
2. o2• /min 
4-55. 
0.5 




aTotal number of unique reflections, all reflections with F 0 
2 > 0, all 
reflections with F 0
2 > 3aF2. 
0 
ba =EIIFo!-IFcii!EIFol· 
c E 2 2 2 1 
Goodness-of-fit = { u w [F0 - (F c/k) ] /(nref- npar)} 2 • 
, 5 o2 4 i2 
TABLE 3. 6. Final Nonhydrogen Parameters for 11 (coordmates x 10, u .. {A) x 10, B (1\ )). 
""'"' 1] 
z Jl z 8 or Uu U22 Uaa U12 ul3 U2a 
Zr 24448(3 1964(3 25064~3 418(3 411(3 332(2 -5(3 -13~2 27p 
p 15154 10 9229 11 7223 7 703 13 698 12 42TO 6 10 -73 9 1189 
Tl 25503 39 15164 48 12453 29 628 53 685 53 498 44 -119 40 -4r8 l04r7 02 11055 43 -1063 63 14307 33 755 50 692 64 552 43 -213 44 -2 5 35 165 40 C M1J 6357 49 20593 56 3946 48 1189 88 1183 82 1769(113 79 67 -716 81 321 74 
CM2 17317 54 2428 74 -2625 37 1358 94 2348(127 844(72 -507 91 187 67 -626 78 
c IlA 2019 6 785 6 4022 4 3.23 11 
c 12A 1205 5 1156 6 3501 4 3.09 11~ I-' c 13A 1510 5 2125 7 3004 4 3.36 ll ~ -.:J 
c 14A 2511 7 2348 6 3197 5 3.85 13 
c 15A 2825 5 1539 8 3845 5 3.61 13 
c 21A 1951 6 -127 8 4732 5 6.65 19 
c 22A 172 6 734 7 3544 5 6.18 18 
c 23A 843 7 2968 8 2476 6 6.73 20 
c 24A 3141 7 3392 8 2919 6 6.75 20 
c 25A 3740 7 1664 8 4418 6 7.29 22 
c 118 1554 9 651~10 3784 7 3.96 19 c 128 1184 9 1502 11 3187 7 4.07 19 
c 138 1925(10 2328(9 2991 7 3.56 18 
c 148 2754~7 2019 10 3479 7 3.18 17 c 158 2541 9 994 10 3990 6 3.21 17 
c 218 1015 12 -293 14 4268~10 9.17 40 
c 22B 104 12 1508 14 2921 10 8.68 39 
c 238 1723 11 3478 12 2517(9 7.79 34 
c 248 3694 13 2704 14 3553( JO 8.96 40 
c 258 3129 ll 585 12 4778(9 7.60 34 
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TABLE 3. 6 (continued) 
z y z B 
c 31A 3843 6 -1094 7 3259 4 3.43 11 
c 32A 4228 5 -352 7 2477 5 4.00 12 
c 33A 3807 6 -801 7 1697 5 4.15 13 
c 34A 3134 6 -1749 7 1873 5 3.96 13 
c 35A 3165 5 -1911 6 2760 5 3.77 12 
c 41A 4311 7 -1203 8 4002 6 6.94 21 
c 42A 5004 7 559 8 2572 6 7.23 21 
c 43A 4159 7 -521 8 844 6 7.12 21 
c 44A 2592 7 -2620 8 1278 6 6.64 20 
c 45A 2690 7 -2927 7 3244 6 6.48 19 
c 31B 4187 7 -682 9 2914 7 3.25 16 
c 32B 4198 8 -365(10 2051 7 3.69 17 
c 33B 3574 8 -1214~9 1623 7 3.27 17 
c 34B 3160 8 -1976 9 2200 7 3.54 18 
c 35B 3538 8 -1634 10 3002 7 3.50 17 
c 41B 4954 12 -255 14 3578~10 8.99 39 c 42B 4897 11 535 13 1758 10 8.23 37 
c 43B 3559 11 -1358 13 682(9 7.88 35 
c 44B 2552 11 -3048 13 1958~10 7.70 34 c 45B 3364 12 -2362 13 3765 10 8.20 37 
129 
4 0 2 
TABLE 3. 7. Final Hydrogen Parameters for 11 (coordinates x 10 , B (A )). 
'""""" 
z y z B 
H 1564 29 -1052 33 2759 23 6.25f99 
H 
11! 
2500 33 2334 39 1387 23 3.96 95 
H 12 3135 33 1336 39 986 27 6.44!129 
H 21 959 40 -804 47 1271 32 7.99 171 
H 22 594 48 109 57 1624 41 11.35 246 
H Mll 493 2501 804 900 
H M12 116 1676 137 900 
H M13 921 2541 -23 900 
H M21 2004 -495 -176 900 
H M22 2135 739 -545 900 
H M23 1144 160 -570 900 
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TABLE 3. 8. Bond Distances for 11 (A.). 
"""" 
Ring A Ring:B Ring A Ring B 
Zr-R(1)a 2. 317 2.230 C(33)-C(34) 1. 429(11) 1. 388(15) 
Zr-R(2)b 2.243 2.345 C(34)-C(35) 1. 422(11) 1. 403(16) 
Zr-C(1) 2. 486(5) C(31)-C(35) 1. 395(10) 1. 384(15) 
Zr-C(2) 2. 467(6) C(11)-C(21) 1.515(11) 1.511(20) 
Zr-H 1. 88( 4) C(12)-C(22) 1. 502(11) 1. 524(20) 
Zr-C(11) 2. 602(7) 2. 489(12) C(13)-C(23) 1.520(11) 1. 485(18) 
Zr-C(12) 2. 617(7) 2~ 539(12) C(14)-C(24) 1.515(12) 1. 494(19) 
Zr-C(13) 2. 617(7) 2. 570(11) C(15) -C(25) 1. 520(12) 1. 523(18) 
Zr-C(14) 2. 596(8) 2. 544(11) C(31)-C(41) 1.510(11) 1. 524(19) 
Zr-C(15) 2. 618(8) 2.517(11) C(32) -C( 42) 1. 462(12) 1. 472(18) 
Zr-C(31) 2. 540(7) 2. 631(11) C(33)-C(43) 1.503(12) 1. 508(18) 
Zr-C(32) 2. 532(8) . 2. 635(11) C(34)-C(44) 1. 511(12) 1. 478(18) 
Zr-C(33) 2. 581(8) 2. 653(1 0) C(35)-C(45) 1.522(11) 1. 485(19) 
Zr-C(34) 2. 560(8) 2. 628(11) C(1)-P 1. 735(5) 
Zr-C(35) 2.531(7) 2.599(11) C(2)-P 1. 713(6) 
C(11)-C(12) 1. 416(10) 1. 404(17) M(1)-P 1. 792(7) 
C(12)-C(13) 1. 403(10) 1. 411(16) M(2)-P 1. 778(7) 
C(13)-C(14) 1.417(~1). 1. 386(16) C(1)-H(11) o. 93( 4) 
C(14) -C(15) 1.409(11) 1. 426(15) C(l)-H(12) 0. 95( 4) 
C(11)-C(15) 1. 424(10) 1. 429(16) C(2)-H(21) o. 83(5) 
C(31)-C(32) 1. 440(11) 1. 420(15) C(2)-H(22) 0. 82(7) 
C(32) -C(33) 1. 428(11) 1.412(15) 
~(1) = C(ll)-C(15) ring centroid. 
ba(2) = C(31) -C(35) ring centroid. 
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TABLE 3.9. Bond Angles for 11 (•). ......,.,. 
Ring A Ring B 
R(1)a-zr-R(2)b 136 145 
R(1)-Zr-H 98 107 
R(2)-Zr-H 91 86 
C(1)-Zr-C(2) 65. 9(2) 
C(1)-Zr-H 131(1) 
C(2)-Zr-H 66(1) 
C(1)-Zr-R(1) 102 94 
C(1 )-Zr-R(2) 104 100 
C(2)-Zr-R(1) 111 113 
C(2)-Zr-R(2) 112 102 
C(11)-C(12)-C(l3) 107. 2(6) 109. 6(10) 
C(12)-C(13)-C(14) 109.1(6) 107. 6(10) 
C(13)-C(14)-C(15) 107. 7(7) 108. 8(10) 
C(14)-C(15)-C(11) 107. 5(7) 107. 4(9) 
C(15) -C(11) -C(l2) 108. 5(6) 106. 5(10) 
C(21 )-C(11 )-C(12) 123. 0(6) 129. 0(11) 
C(11)-C(12)-C(22) 127. 3(6) 120.1(11) 
C(22)-C(12)-C(13) 125.1(6) 129. 9(11) 
C(12)-C(13)-C(23) 125. 4(7) 122. 6(11) 
C(23)-C(13)-C(14) 124. 4(7) 128. 0(11) 
C(13)-C(14)-C(24) 129. 3(7) 127.1(11) 
C(24)-C(14)-C(15) 122.1(7) 123. 8(11) 
C(14)-C(15) -C(25) 126. 4(7) 125. 8(10) 
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TABLE 3. 9 (continued) 
C(25)-C(15) -C(11) 124. 2(7) 124. 5(10) 
C(15) -C(11)-C(21) 127. 8(7) 123.4(11) 
C(31 )-C(32)-C(32) 106 5(7) 105.5(9) 
C(32) -C(33) -C(34) 108.3(7) 109. 6(9) 
C(33)-C(34)-C(35) 107. 7(7) 10.7. 4(10) 
C(34) -C(35)-C(31) 108. 4(6) 108.4(10) 
C(35)-C(31)-C(32) 109.1(6) 109. 0(9) 
C( 41) -C(31) -C(32) 123. 7(7) 123. 5(10) 
C(31)-C(32)-C( 42) 127. 4(7) 121.0(10) 
C( 42) -C(32) -C(33) 125. 6(7) 132. 6(11) 
C(32)-C(33)-C(43) 125. 6(7) 125. 5(1 0) 
C( 43) -C(33) -C(34) 124. 9(7) 127. 9(10) 
C(33)-C(34) -C( 44) 129. 5(7) 123. 4(11) 
C( 44) -C(34) -C(35) 122. 0(7) 128. 6(11) 
C(34)-C(35)-C(45) 127.3(7) 122. 3(11) 
C( 45) -C(35) -C(31) 123. 5(7) 128. 4(11) 
C(35)-C(31)-C( 41) 125.1(7) 125.9(11) 
C(1)-P-C(2) 102.8(3) 
M(1)-P-M(2) 100. 2(3) 
C(1)-P-M(1) 113. 8(3) 
C(1)-P-M(2) 113.9(3) 
C(2)-P-M(1) 113. 8(3) 
C(2)-P-M(2) 112. 7(3) 
Zr-C(1)-P 95. 0(2) 
TABLE 3. 9 (continued) 
Zr-C(2)-P 






aR(1) = C(l1)-C(l5) ring centroid. 
~(2) = C(31)-C(35) ring centroid. 
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TABLE 3.10. Least-Squares Planes of Pentamethylcyclopentadienyl 
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a A negative deviation is a deviation toward the metal atom. 
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pentamethylcyclopentadienyl rings are given in Table 3.10. 
3. 4.14 Cp*2 Zr(Me)CH2PMe2 (g) 
Cp*2 Zr(H)CH2PMe2 CH2 (!.!) (100 mg, 0. 22 mmol) was dissolved 
in toluene (10 mL) and the solution heated at 8o•c for 4 hours. The 
solvent was removed in vacuo to afford 12 as an amber oil (purity by 
""""' 
1H NMR was 90%). 
1
H NMR (benzene-cia): 61.80 (s, 30H, C5(CH3 ) 5 ) ; 
2 2 
0. 95 (d, JPH =5Hz, 6H, P(CH3 ) 2); 0. 0 {d, JPH =6Hz, 2H, ZrCH2); 
-0. 42 (d, 4JPH = 3 Hz, 3H, ZrCH3). 
13
C { ~} NMR (benzene-cia): 
1 
6117.9 (s, ~5(CH3)5); 52.60 (d, JPC =50 Hz, ZrCH2); 42.67 (s, 
1 4 
ZrCH3); 20.70 (d, JPC =20Hz, P(CH3 ) 2); 11.68 (d, JPC =3Hz, 
C5(~H3)s). 
31P{~} NMR (benzene-cia): o -41.46 (s, P). 
* Cp 2 Zr(H)CH2PMe2CH2 (!!) (140 mg, 0. 31 mmol) was dissolved 
in toluene (20 mL) and the solution stirred under 1 atm CO at o•c for 
12 hours. The color of the solution turned from amber to light purple 
during this time. The solution was then filtered and the solved re-
moved in vacuo at o•c to give a light purple-white residue. The 
solid was triterated with pet. ether (8 mL), the suspension cooled to 
-78•c and then filtered at this temperature to afford 15 as a purple-
"" 
white powder (90 mg, 61%). Anal. Calcd for C25H410PZr: C, 62. 58; 
H, 8.61 ; P, 6.45;Zr, 19.01. Found:C, 62.30;H, 8.43;P, 6.22; 
Zr, 19. 25. ~ NMR (benzene-d6 ); 6 3. 90 (d, 
2JPH =43Hz, 1H, CH); 
3. 50 (s, 1H, ZrH); 2. 07 (s, 30H, C5 (CH3 ) 5 ); 0. 78 (d, 
2JPH = 13 Hz, 9H, 
P(CH3 )3). 
13c{ ~} NMR (THF-ds ): 6 250. 3 (d, 2JPC = 17 Hz, OCCH); 
111.8 (s, ~5(CH3)5); 58.39 (d, 
1
JPC = 64Hz, OC~); 12.73 (d, 1JPC = 
56 Hz, P(CH3 )3 ); 11. 92 (s, C5 (CH3 )5 ). 
31P{~} NMR (THF-d8 ): o -6. 34 
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The procedure described in section 3. 4.14 was followed using 
150 mg (0. 033 mmol) Cp*2 Zr(H)CH2 PMe2CH2 (!J) in 8 mL toluene and 
stirring the solution under 1 atm 13CO (99. 9%) at o•c for 12 hours. 
The solution was filtered and the solvent removed in vacuo. The 
residue was triturated with pet. ether (6 mL) , the suspension cooled 
to -7s•c and then filtered at this temperature to afford the product as 
a purple-white powder (93 mg, 59%). IR (benzene): v(CO) 1390 cm-1 • 
3. 4.17 Crystal structure of (0-.f)-Cp*2 Zr(COCHPMe3)H · iCr H8 (15) ,.,... 
Blue-white crystals of (O-.f)-Cp*2 Zr(COCHPMe3 )H • tc, H8 (15) ,...,... 
grown from toluene were mounted in glass capillaries under a nitrogen 
atmosphere. A series of oscillation and Weissenberg photographs 
established the crystals as monoclinic, and the systematic absences 
(OkO for k odd, hOl for h + l odd) indicated the space group P21/n. 
The initial batch of crystals deteriorated within days under X-ray 
exposure. From a subsequent batch of crystals, an individual was 
mounted approximately along the b-axis. The oscillation and Weissen-
berg photographs agreed with the earlier photographic information. 
Crystal data are summarized in Table 3. 2. Lattice constants were 
obtained from the least-squares refinement52 of fifteen 28 values 
(20 < 28 < 25 •), where each 28 value was an average of two settings 
at ±28. 
A total of 2838 reflections were collected on a locally modified 
Syntex P21 diffractometer and included blocks of three check reflec-
tions measured after each 97 reflections. The shell of redundant data 
(+h, ±k, ±.f), 3 < 28 < 25•), was measured at a rapid rate, 5. sa• /min, 
138 
to ensure collection of the entire hemisphere (abcut 40 hours exposure 
time). The three check reflections indicated only minor deterioration 
(about 5%), but the intensities were substantially reduced in the next 
shell of data; consequently, only data from the first shell were used. 
The data were reduced and the structure solved and refined as 
described in Section 3. 4.13. A difference map indicated that a 
toluene molecule was disordered around a center of inversion; sub-
sequent work from ~F maps led to a set of coordinates which ade-
quately model the disorder. The final difference map indicated no 
peak greater than 1 e- A -a. Details concerning the data collection and 
the final cycle of refinement are given in Table 3 .11. Atom coordi-
nates and u .. 's are given in Table 3.12. Bond distances 
lJ 
and bond angles are given in Tables 3. 13 and 3. 14, respectively. 
Least-squares planes of the pentamethylcyclopentadienyl rings 
and the ZrCOCP group are given in Tables 3.15 and 3. 16, 
respectively. 
3. 4.18 (O-c)-Cp*2Zr(COCHPMe3)H (16) 
~ 
(O-£)-Cp*2Zr(COCHPMe3)H {]2) (25 mg, 0. 052 mmol) was dis-
solved in toluene (5 mL) and the solution heated at 8o•c for 24 hours. 
Removal of solvent in vacuo afforded 16 as a yellow-tan solid. 1H ............ 
NMR(benzene-d6): 154.28(s, 1H, ZrH);3.75{d, 
2
JpH=43Hz, lH, 
2 CH); 2. 07 (s, 30H, C5 (CH3 ) 5); 0. 86 {d, JPH =13Hz, 9H, P(CH3 ) 3). 
13C{
1
H} NMR (benzene-de); o 247.1 {d, 2 JPH =14Hz, 0~ CH); 112.2 
l 1 
(s, ~5{CH3)5); 57. 08 {d, JPC = 68 Hz, OCCH); 13. 00 (d, JPC = 60Hz, 
P(CH3) 3 ); 12.14 (s, C5(CH3 ) 5). 
31P{~} NMR {benzene-d6); o -5.06 (s, 
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TABLE 3. 11. Data Collection and Refinement Conditions for 




28 Scan Rate 
28 Limits 
Scan Time/Bkgrd Time 
Number of Reflectionsa 
R(F: > O)b 
R (F: > 3crF2)b 
0 
Goodness-of-Fitc 
0. 71069 A (MoKa, graphite monochromator) 
9-28 
1. 2• above K 
Clz 
1. 2• below K 
al 
5. as· /min 
3-30. 
1.00 




aTotal number of unique reflections, all reflections with F; > 0, all 
reflections ~th F: > 3cr ~ • 
0 
~ =B JJ FoJ-IFciJ/~JFoJ• 
c . 2 2 2 1 
Goodness-of-fit = {~ w [F0 - (F c/ k) l /(nref- npar)} 2 • 
4 u2 3 
TABLE 3.12. Final Nonhydrogen Parameters for~ (coordinates X 10 ' uij (A ) X 10 ). 
2: II z U or Uu U22 U33 U12 u13 U23 
Zr 2712{2) -475(3) 6883(2) 61(2) 37(2) 43{2) -2(3) -1(2) -4(3) 
p 3744(8) 1858(12) 4735(6) 143(12) 88(11) 66(9) 37(9) 25(9) 46(9) 
0 2627(16) 927(18) 5991(9) 95(29) 67(20) 20(17) -11(16) -23(14) 7(12) 
0(1) 3440(24) 407(33) 5913(21) 25(27) 56(29) 109(36) 64{26) -40{26) -51(28) 
0(2) 3972(26) 797(38) 5368{19) 123{38) 123{41) 46(26) -11(31) 40(25) 42{30) 
0(3) 4593{31) 2004{46) 4106(24) 304{60) 336{66) 248(50) 243{52) 249{51) 281(50) 
0(4) 3585(43) 3315(44) 5031{24) 554(105) 79( 43) 176( 49) 83(53) -99{54) 56(37) 
0(5) 2739(41) 1583{46) 4233(27) 327(71) 236(59) 226{56) -75(55) -152(57) 153( 47) 
0(11) 3853{21) 743(29) 7674(14) 57(10) 
0(12) 3470(20) -176(29) 8146(15) 55(10) 
0(13) 2550(18) 96(25) 8252(15) 50(10) 
0(14) 2354(21) 1236(28) 7819(13) 52(10) 
0(15) 3200(20) 1634(29) 7485(15) 50(9) ..... H:>o 
0(21) 4811(16) 808(38) 7465(17) -5(21) 261(50) 130(28) -58(27) 43(19) -82(32) 0 
0(22) 4001(26) -1214(33) 8526(17) 202(43) 130(37) 95(30) 109(33) -116(30) -14{26) 
0(23) 1932{20) -549(31) 8835(14) 156(32) 79(26) 50(21) -76(29) 13(22) 32(23) 
0(24) 1458(23) 1902(39) 7765(20) 78(31) 230(50) 172(41) 137(34) -84(28) -116(35) 
0{25) 3313(30) 2820(26) 7038{15) 415(67) -3(23) 42{25) -65{30) -9(30) 25(20) 
0(31) 1256{22) -1213{32) 6305(19) 80{11) 
0{32) 1941(21) -1767(30) 5885{20) 72(11) 
0{33) 2353{22) -2659(34) 6383(18) 75(11) 
0(34) 1924(23) -2586(36) 7048(20) 87(10) 
0(35) 1262(24) -1662(33) 7016(20) 85(10) 
0(41) 626(25) -119(35) 6008(25) 150(39) 72(40) 392(67) 20(29) -178(45) 13(36) 
0{42) 2087(29) -1534(36) 5080(17) 285(58) 160(41) 41(29) -144(41) 33(29) -27(27) 
0(43) 3088(25) -3561(35) 6056(28) 111(38) 92(35) 381(70) 44(30) -40( 40) -166(43) 
0(44) 2125(40) -3477(39) 7679(24) 499(100) 114(39) 180( 48) -178(52) -183(56) 111(39) 
0(45) 541(27) -1478(50) 7624(23) 150(41) 374(78) 200(46) -193(48) 121(40) -220(51) 
O(T1) 511 1079 461 101 
O(T2) 120 1751 -32 101 
O(T3) -381 1232 -534 101 
O(T4) -481 -4 -529 101 
O(T5) -100 -633 -51 101 
O(T6) 421 -154 477 101 
O(TM) 902 -660 1054 101 
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TABLE 3.13. Bond Distances for 15 (A.). 
~
Zr-R(1)a 2.28 C(32)-C(33) 1. 46(5) 
Zr-R(2)b 2.26 C(33)-C(34) 1. 38(5) 
Zr-0 2. 21(2) C(34)-C(35) 1. 40(5) 
Zr-C(1) 2. 29( 4) C(31)-C(35) 1. 39(5) 
Zr-C(11) 2. 60(3) C(11)-C(21) 1. 50( 4) 
Zr-C(12) 2. 60(3) C(12)-C(22) 1. 53(5) 
Zr-C(l3) 2. 59(3) C(13)-C(23) 1.58(4) 
Zr-C(l4) 2. 56(3) C(l4)-C(24) 1. 53(5) 
Zr-C(15) 2. 61(3) C(15)-C(25) 1.52(4) 
Zr-C(31) 2. 56(3) C(31)-C(41) 1. 60(5) 
Zr-C(32) 2. 56(3) C(32)-C(42) 1.51(5) 
Zr-C(33) 2. 56(3) C(33)-C( 43) 1. 59(6) 
Zr-C(34) 2.56(4) C(34) -C( 44) 1. 52(6) 
Zr-C(35) 2. 54( 4) C(35)-C( 45) 1. 57(6) 
C(ll)-C(12) 1.43(4) C(1)-0 1. 36(4) 
C(l2)-C(13) 1. 44(4) C(l)-C(2) 1. 35(5) 
C(13)-C(14) 1. 48(4) C(2)-P 1. 65(4) 
C(14)-C(l5) 1. 48(4) C(3)-P 1. 73(5) 
C(11)-C(15) 1.41(4) C(4)-P 1. 66(5) 
C(31)-C(32) 1. 42(5) C(5)-P 1. 80(6) 
~(1) = C(11)-C(15) ring centroid. 
ba(2) = C(31)-C(35) ring centroid. 
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TABLE 3.14. Bond Angles for 15 ( •). 
""""' 
R(1)a-zr-R(2)b 141 C(22)-C(12)-C(13) 126(3) 
R(1)-Zr-0 103 C(12)-C(13)-C(23) 126(2) 
R(1)-Zr-C(1) 106 C(23)-C(13)-C(14) 127(2) 
R(2)-Zr-O 103 C(13)-C(14) -C(24) 126(3) 
R(2)-Zr-C(1) 112 C(24)-C(14) -C(15) 127(3) 
C(1)-Zr-0 35(1) C(14)-C(15)-C(25) 124(3) 
C(2)-P-C(3) 112(2) C(25)-C(l5)-C(ll) 128(3) 
C(2)-P-C(4) 116(2) C(15)-C(11)-C(21) 126(3) 
C(2)-P-C(5) 115(2) C(31 )-C(32)-C(33) 111(3) 
C(3)-P-C(4) 104(2) C(32)-C(33)-C(34) 104(3) 
C(3)-P-C(5) 108(2) C(33)-C(34)-C(35) 108(3) 
C(4)-P-C(5) 101(2) C(34)-C(35) -C(31) 110(3) 
C(1)-0-Zr 76(2) C(35)-C(31)-C(32) 106(3) 
O-C(1)-Zr 69(2) C( 41 )-C(31 )-C(32) 124(3) 
C(2)-C(1)-Zr 171(3) C(31 )-C(32)-C( 42) 125(3) 
C(2)-C(l)-O 120(3) C(42)-C(32)-C(33) . 131(3) 
C(1)-C(2)-P 127(3) C(32)-C(33)-C( 43) 117(3) 
C(11)-C(12)-C(13) 110(2) C(43)-C(33)-C(34) 134(3) 
C(12)-C(13)-C(14) 107(2) C(33) -C(34) -C( 44) 123(3) 
C(13)-C(14) -C(15) 106(2) C( 44) -C(34) -C(35) 127(3) 
C(14)-C(15)-C(11) 108(2) C(34) -C(35) -C( 45) 124(3) 
C(15) -C(11 )-C(12) 109(3) C( 45)-C(35) -C(31) 128(3) 
C(21)-C(l1)-C(l2) 125(3) C(35) -C(31 )-C( 41) 125(3) . 
C(ll)-C(l2)-C(22) ·124(3) 
aR(l) = C(ll)-C(15) ring centroid. 
ba(2) = C(31)-C(35) ring centroid. 
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TABLE 3.15. Least-Squares Planes of Pentamethylcyclopentadienyl 
Rings for 15. 
"""""' 























a A negative deviation in a deviation toward the metal atom. 
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TABLE 3.16. Least-Squares Plane of the ZrC(1)0C(2)P 














aA negative deviation is a deviation toward the Cp*(1) ring. 
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The procedure described in Section 3. 4.16 was followed using 
ca. 10 mg (O-£)-Cp*3ZrC
3
COCHPMe3)H in 5 mL toluene. Removal of 
solvent afforded the product as a yellow-tan residue. m (benzene): 
z,(CO) 1380 em - 1 • 
3. 4. 20 Crystal structure of (O-c)-Cp*2Zr(COCHPMe3)H (!]_) 
Colorless crystals of (O-c)-Cp*2Zr(COCHPMe3 )H (}i) grown from 
toluene were mounted in glass capil1aries under a nitrogen atmosphere. 
For photographic work, the glass capil1ary of a suitable crystal was 
remounted at an angle of approximately 30• with respect to the rotation 
axis of the mounting pin. A series of oscillation and Weissenberg 
photographs established the crystals as monoclinic, and the systematic 
absences (OkO for k odd, hO! for ! odd) indicated the space group 
P21/c. Crystal data are summarized in Table 3. 3. Lattice constams 
were obtained from the least-squares refinement52 of fiteen 28 values 
(25. < 28 < 40•) where each 28 value was an average of two settings 
at ±29. 
A total of 10174 reflections were collected on a locally modified 
Syntex P21 diffractometer and included blocks of three check reflec-
tions. No decomposition was observed. The data were reduced and 
the structure solved and refined as described in Section 3. 4.13. In 
this case, the position and B's of all hydrogen atoms were refined. 
The matrix was blocked into three groups: the first including all non-
hydrogen atom coordinates and the coordinates of Hand H(2); the 
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second group including the scale factor and Gaussian amplitudes for 
all atoms in block 1 (anisotropic except for the H atoms); and the third 
group including atom coordinates and isotropic B's of the remaining 
hydrogen atoms. At this point, the profile of each reflection was 
examined and those with unusual backgrounds (35) were weighted zero 
in the final cycles. The final difference map indicated no peaks 
greater than 0. 40e- A -3 • The C=C(H)PMe3 group appears to behave 
as a rigid-body and correction of bond lengths and angles for vibra-
tional motion was carried out by use of the Trueblood program 
THMB-3. 54 Details concerning the data collection and the final cycle 
of refinement are given in Table 3. 17. Atom coordinates and Uij 's 
are given in Table 3. 18. Final hydrogen atom coordinates and B's 
are given in Table 3. 19. Bond distances and bond angles are given 
in Tables 3. 20 and 3. 21, respectively. Least-squares planes of the 
pentamethylcyclopentadienyl rings and Zr(H)COCHP group are given 
in Tables 3. 22 and 3. 23. 
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28 Scan Rate 
29 Limits 
Scan Time /Bkgrd Time 
Number of Reflectionsa 
Rb (Fo2 > 0) 
Rb (Fo2 > 3aF2) 
0 
Goodness-of-Fitc 
0. 71069 A (MoKa, graphite mono-
chromator) 
6-29 
0. g• below K 
al 
1.0• above K 
a2 
2. 02• /min 
3-51° 
1.0 




aTotal number of unique reflections, all reflections with F 0
2 > 0, all 
reflections with F 0
2 > 3aFz. 
0 
5 ! 2 4 
TABLE 3. 18. Final Nonhydrogen Atom Parameters for~ (coordinates x 10 , Uij (i\ ) x 10 ). 
X Jl z Uu (/22 Uaa U12 Uta U2a 
Zr 21779(2) 23617(2) 12409( I) :ifi2( I) :t:t9( 1) 333(1) -6(1) S9( I) -16(1) 
p -12805(8) 51:J73(7) 1724:J(3) S58(5) 4U8( 4) S23(5) 70(3) 184(4) -37(4) 
G(l) 6164(25) a8991(24) 13281(10) 402(Jfi) 420(14) 408{16) -43(11) 46(12) -66(12) 
G(2) - 3200(2\1) ·19039(28) 12459( 11) S411(18) 516(16) 449(18) 96(14) 101(14) -11(14) 
0 81fi4(17) ;{2395(16) 17627(7) 4fi8( II) 452( 10) 405(11) 7(8) 113{8) -11(8) 
C(M1) -22305{34) 41633(34) 19933( 15) 7HI{23) 793(23) 1004(30) -163{19) 377(21) -98{21) 
C(M2) -245711{45) 61)661 ( 43) 14568(17) 1311(36) 1212{33) 937(30) 747(29) 491(27) 159(26) ..... 
C(M3) -3041(38) 61595(36) 22685(14) 1049(30) 9:H(26) 715(25) -307(22) 386{21) -329(21) ~ 
G(21) t :J8fi(26) 9606{25) 916~(11) 407(111) 471( 15) 576( 19) -93(12) 67(14) -184(14) 
(X) 
G(22) 4180(28) 17 47 4{27) 4924(11) 570(19) 507(16) 479(18) 29( 14) --90(15) -1 21(13) 
C(23) Hi573(3 1) 13182(29) 3419(11) 678(21) 631(19) 396(17) -126(Hi) 93{15) -1fi8{14) 
C(24) 21 527(28) 2736(26) U754(12) 5111( 18) 482{16) 628(20) 18( 13) 94(15) -235{14) 
C(25) I 202•1(28) 505(24) 102!11(11) 592{18) 354(14) 559{19) -71(13) 47(14) -111(13) 
C(31) 47276{22) 21009(26) 14850(10) 332(12) 4S0(14) 503{15) -18{12) 43(11) 84(13) 
C(32) 45428(25) 2942:J(26) 9784{10) 421(15) 562(17) 466(16) -60(12) 138{12) S7{13) 
C(33) 38333(27) 41 576(27) 10050(12) 44~( 17) 507(16) 636(20) -63{13) 38{15) 213(14) 
C{34) 311H0(26) 43944(25) 15297(12) 38tl(lfi) 379(14) 735{21) -72(12) 66(14) -S0(14) 
C(35) 417:J3(25) 33035(211) 18218(10) 371(15) 526(16) 427(16) -93(12) 26{12) -5(13) 
C(21M) -11210(31) 10437(33) 11924(15) 529(20) 801(23) 968(28) -180(17) 213(18) -261(20) 
C(22M) -SI78(3S} 27223(36) 1884{13) 965(26) 876(2S) 683(22) 124{21) -339(20) -106{20) 
C(23M) 21784(40) 17241(41) -1617(13) 1161(32) 1240(32) 460(21) -274(26) 175(21) -140(21) 
C(24M) 3:JS54{34) - 6261{34) 6185(17) 700{24) 721{23) 1327(36) 8S(18) 214(23) -480(23) 
C(25M) 12346(38) - ](1736(29) 14107{15) 1100{29) 409(17) 896{27) -118(17) 51(22) - 6(17) 
C{31M) 5-i956(29) I 16t15(29) 16548(13) 496{19) 591(18) 838(24) 102{14) 72(17) 162( 17) 
C(32M) S2385(30) 24641 (39) 5242(12) 651{Hl) 1096(27) 619( 19) -62(21) 306(16) 28(21) 
C(33M) 34906(38) 51207(36) 5629( I 6) 971(29) 840(25) 1015(32) -89(21) 29(23) 532(23) 
C(34M) 30928(33) 56172(:U) 17 469( 16) 691{23) 520(19) 1337(35) -53(17) -28(22) -307(21) 
C(3SM) 42321(3J) 316116(36) 24026( 12) 72:!{23) 1017(26) 468(19) -191(19) 6{17) -84(17) 
4 t 2 
TABLE 3. 19. Final Hydrogen Atom Parameters for 16 (coordinates x 10 , B (A)}. 
-"""" 
.:z: y z JJ X y z J1 
11 2~ :~7(21) 1:! IX(21) 1820(9) 3.15(511) JJ(24M I) 38S5(3U) -723(·t0) 918(18} 11.46( I H.l) 
Il(2) -462(25) !'i:~22{25) 973(10) 4.1.18(69) J1(24M2) 3J22(34) -1373(35) . 187(15) 9.01 (98) 
/J(PMll) -2731(31) 4507(30) 2270( I 3) 7.73(85) H (24M:~) 3892(38) -175(40) 38!l( 16) 10.92( 115) 
JI(PM12) -1626(30) 3463(:!9) 2098( 12) 6.78(78) J/(25Ml) 703(34) -88:>(3•1) 16!J8(H) 9.11(96) 
I-' 
~ 
H(PM13) -286!1(38) 3863( '.~1.1) 1757( 16) 10.23(107) I/(25M2) 2171l(30) -121;1(28) 1568( II) 6.a5(75) 
co 
H(PM21) -3005{39) 6904(40} 1677(17) 10.91(1 Ill) li(25M3) 904(32) - ·H!50(32} 1267(13) 7 .811(86} 
JI(PM22) -3147(34) 600·1(35} 1222( 15) 9.69( 103) JJ(31Ml) 6335(31) 13:J6(:m) 1828( 1 :I) 7 .4i'(85) 
J/(PM23) - Hl75(•1:s) 7263( H) 1381t18) 13.511( l:S!l) JJ(:HM2) 4982(3;1) 5!lli(:IO) 1832( 13) . 7.64(84) 
Jl(PM31) -·869{:~1i) 6432(:H) 2497 { 1·1) 9.15(100) 11(31Ma) 5673(a:!) 644(32) 138:1( 14) 7.94(88) 
H(PM32) 331(37) 5f.28{38) 2417(15) 10.41{108) ll{32MI) 5389(35) 1581t38) 504{ 15) 10.41( IO!l) 
ll(l'M33) 162(:~7) 6893(38) 2179(15) 10.4!l(108J J/(32M2) 6069(30) 2907{30) 543(12} 7.15(81) 
ll{21MI) -928{·11) ti51{43) 1531(18) 12.18(127) l/ (32M3) 4709(29} 28:14(30) 207{12} 6.88(78) 
H(21M2) -1475(37) 1850( 40) 1199{ 16) 10.53(110) 11 (33M I) 2732( 41) 5629{38} 629(16) 10.77( 113) 
H(21M3) -1753(33} 501(34) 1079(14) 8.22(91) H(33M2) 4107(39) 6781(36} 581(15} 10.25( I II) 
H(22MI) -1312(35) 2928(36} 395(15) 10.01(105) 11(33M3) 3313(40) 4717(41) 252(16) 11.86(121) 
H(22M2) - 19(36) 3476(:~5) 92( 15) 9.90(103) JJ(34M1) 2641(40) 5503(40) 2043(17) 12.14(122) 
H(22M3) -962(35) 2285(37) -106(15) IO.O!l(l04) ll (34M2) 3711(32) 6317(30) 1799(13) 7.09(81) 
H(23M1) 2274(31} 2714(35) -172(14) 8.90(94) /1(34M3) 248:~(34) 6012(33) 1478(14} 8.53(93) 
H(23M2) 2955(37) 1184{36} - 196{14) 10.01{106) JJ(35M 1) 4942(3:~) 3555{31) 2557(13} 7.91(87) 
H(23M3) 1486(34) 141.18(33) -458( 13) 8.51(94) JJ(35M2) 3415{:1:1) 3632(32) 2504(13) 8 .311(9:~) 
H (35M3) 4260(32) 2261 (35) 2494( I 3) 8.87{93) 
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TABLE 3.20. Bond Distances for _!1 (A). 
Zr-R(1)a 2.251 C(31)-C(31M) 1.496(4) 
Zr-R(2)b 2.258 C(32)-C(32M) 1. 508(4) 
Zr-H 1. 89(2) C(33)-C(33M) 1. 509(5) 
Zr-0 2.199(2) C(34)-C(34M) 1. 504(4) 
Zr-C(1) 2. 214(2) C(35)-C(35M) 1. 508(4) 
Zr-C(21) 2. 534(3) C(1)-0 1. 303(3) 
Zr-C(22) 2. 543(3) C(1)-C(2) 1. 372(4) 
Zr-C(23) 2. 558(3) C(2)-H(2) o. 82(3) 
Zr-C(24) 2. 556(3) C(2)-P 1. 731(3) 
Zr-C(25) 2. 550(3) C(PM1)-P 1. 775(4) 
Zr-C(31) 2. 543(2) C(PM2)-P 1. 785(4) 
Zr-C(32) 2. 583(3) C(PM3)-P 1. 777(4) 
Zr-C(33) 2. 555(3) C (PM1) -(PM11) o. 98(3) 
Zr-C(34) 2. 566(3) C(PM1)-(PM12) o. 94(3) 
Zr-C(35) 2. 536(3) C(PM1)-(PM13) o. 88( 4) 
C(21.)-C(22) 1. 405(4) C(PM2)-C(PM21) o. 86(4) 
C(22)-C(23) 1. 400(4) C(PM2)-C(PM22) 1. 09(4) 
C(23)-C(24) 1. 412(5) C(PM2)-C(PM23) o. 80(4) 
C(24)-C(25) 1. 404(4) C(PM3)- C(PM31) o. 90(4) 
C(21)-C(25) 1. 402(4) C(PM3)- C(PM32) 0. 94(4) 
C(31)-C(32) 1. 415(4) C(PM3)- C(PM33) 0.91(4) 
C(32)- C(33) 1. 413(4) 
C(33)-C(34) 1. 414(4) 
C(34)-C(35) 1. 400(4) 














aR(1) = C(21)-C(25) ring centroid. 
~(2) = C(31)-C(35) ring centroid. 
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TABLE 3.21. Bond Angles for 16 ( 0 ). .......... 
R(1)a-zr-R(2)b 138.9 C(22) -C(23) -C(23M) 123. 6(3) 
R(1)-Zr-O 112.2 C(23M) -C(23) -C(24) 126. 8(3) 
R(1)-Zr-C(1) 104.0 C(23) -C(24) -C(24M) 127. 3(3) 
R(1)-Zr-H 96.5 C(24M) -C(24)-C(25) 124. 2(3) 
R(2)-Zr-O 108.4 C(24)-C(25) -C(25M) 125.7(2) 
R(2)-Zr-C(1) 105.8 C(25M) -C(25) -C(21) 126.0(2) 
R(2)-Zr-H 97.9 C(25) -C(21)-C(21M) 125. 6(2) 
0-Zr-H 78. 0(6) C(31) -C(32) -C(33) 107. 4(2) 
C(1)-Zr-H 112.2(6) C(32)-C(33)-C(34) 108.1(2) 
0-Zr-C(1) 34. 35(8) C(33)-C(34)-C(35) 107. 9(2) 
C(2)-P-C(PM1) 114. 7(1) C(34)-C(35)-C(31) 108. 4(2) 
C(2)-P-C(PM2) 108. 9(2) C(35) -C(31) -C(32) 108. 0(2) 
C(2)-P-C(PM3) 113. 6(2) C(31M)-C(31 )-C(32) 126. 9(2) 
C(PM1)-P-C(PM2) 107.2(2) C(31) -C(32)-C(32M) 125. 4(2) 
C(PM1)-P-C(PM3) 104. 4(2) C(32M)-C(32)-C(33) 125. 9(2) 
C(PM2)-P-C(PM3) 107. 7(2) C(32)-C(33) -C(33M) 125. 9(3) 
C(1)-0-Zr 73. 4(1) C(33M) -C(33) -C(34) 125. 5(3) 
O-C(1)-Zr 72. 2(1) C(33)-C(34) -C(34M) 126. 3(2) 
C(2)-C(1)-Zr 164. 8(2) C(34M)-C(34) -C(35) 125.5(2) 
C(2)-C(1)-0 122. 9(2) C(34)-C(35)-C(35M) 125. 9(2) 
P-C(2)-H(2) 113(2) C(35M)-C(35) -C(31) 125. 6(2) 
C(1)-C(2)-H(2) 124(2) C(35) -C(31 )-C(31M) 124. 8(2) 
C(1)-C(2)-P 122. 2(2) H(PM11)-C(PM1)-H(PM12) 114(3) 
C(21 )-C(22)-C(23) 107.5(2) H(PM11) -C(PM1) -H(PM13) 104(3) 
TABLE 3. 21 (continued) 
C (22) -C(23) -C(24) 108. 4(2) 
C(23)-C(24)-C(25) 107.7(2) 
C(24) -C(25) -C(21) 107. 8(2) 
C( 25) -C(21) -C(22) 108.6(2) 
C(21M)-C(21 )-C(22) 125. 8(2) 
C(21)-C(22)-C(22M) 127.5(2) 
C(22H)-C(22)-C(23) 124.3(2) 
aR(1) = C(21-25) ring centroid. 





H(PM22)-C(PM2)-H(PM23) 131( 4) 
H(PM31 )-C(PM3) -H(PM32) 112(3) 
H(PM31) -C(PM3)-H(PM33) 107(3) 
H(PM32)-C(PM3)-H(PM33) 108(3) 
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TABLE 3. 22. Least-Squares Planes of Pentamethylcyclopentadienyl 
Rings for 16. ,....,... 
Atom Deviation from Plane {A}a 
Cp*(1) 
C(11) -0.000 











C(32) o. 014 
C(33) -0.017 







a A negative deviation is a deviation toward the metal atom. 
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TABLE 3. 23. Least-Squares Plane of the Zr(H)C(l)OC(2)H(2)P 

















a A negative deviation is a deviation toward the Cp * (1) ring. 
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CHAPI'ER 4 
The Reaction of Permethylzirconocene and 
Permethylhafnocene Alkyls and Hydrides 
with Diazoalkanes and Their Derivatives 
164 
4. 1 Introduction 
4. 1. 1 General Introduction 
Diazoalkanes (~C=N=N) have been used extensively as carbene 
(~C:) transfer reagents in organic synthesis. Numerous reports 
indicate that Group VI-VIII transition metal complexes also react with 
diazoa.lkanes. In some cases, loss of molecular nitrogen leads to the 
production of free or coordinated carbene reaction products. 1 In other 
cases, the diazoa.lkane molecule remains intact and diazoa.l.kane-metal 
complexes are isolated. 2 At the time this project was begun, no 
report of the reaction of an early transition metal complex (Groups 
TII-V) with a diazoa.lkane had appeared in the literature. 
We sought to investigate the reactivity of diazoalkanes with per-
methylzirconocene and permethylhafnocene hydride and alkyl com-
pounds in hope of observing or isolating metal-carbene or carbene-
insertion products. As discussed in Chapter 3, reaction of permethyl-
zirconocene or permethylhafnocene dihydride with CH2PMe3 leads to 
products in which methylene inserts into a metal-hydride bond. No 
intermediates are observed in these reactions, however. Hopefully, 
a zirconium- or hafnium-diazoa.lkane intermediate could be observed 
which would decompose by loss of N2 to afford carbene reaction 
products. This chapter describes the reaction of permethylhafnocene 
and permethylzirconocene alkyl and hydride complexes with 
R1~C=N=N (R1 = H, ~ = Tol; R1 = Tol, R = Tol) to give products in 
which the diazoa.lkane molecule inserts into a metal-carbon or metal-
hydride bond. The spectral and crystal structure data indicate that 
these complexes are best formulated as permethyhnetallocene-hydrazonido 
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species in which the hydrozonido ligand is 772 -N, N' -bonded to the metal 
center. 
4.1. 2. Reaction of Zirconocene Hydride and Alkyl Complexes with 
Diphenyldiazomethane 
During the course of this study, Floriani reported the reaction 
of diphenyldiazomethane with [CP2Zr(H)Cl]x and Cp2 ZrMe2 to afford 














products attributable to carbene insertion into the zirconium-hydride 
or zirconium-methyl bond were observed. The crystal structure of 
the methyl complex 2 indicates that the diazoalkane molecule has in-,... 
serted into a zirconium-methyl bond to afford an 77 2 -N, N' -hydrazonido 
complex in which the terminal nitrogen atom of the hydrazonido ligand 
(N(2)) occupies the central equatorial coordination position. The for-
mation of 1 and 2 is unusual in that reaction of diazoalkanes with ,... ,... 
metal-hydrido or metal-alkyl complexes normally affords 1, 4-addition 
products, not 1, 2-addition products as observed by Floriani. These 
compounds were found to be unreactive toward carbon monoxide and 
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Cp~Zr(Me)OH + To~CN2 
ij-CTo~ 







were stable toward loss of N2 at moderate temperatures. 
4. 2 Results and Discussion 
4. 2.1 Reaction of Permethylzirconocene Methyl-Hydroxide with 
Bis(p-tolyl)diazomethane 
Treatment of the monoalkyl complex Cp*2 Zr(Me)OH (_ID with one 
equivalent of bis(p-tolyl)diazomethane (1_) at 6o•c affords the r,Z-N, N' ~ 
hydrazonido-hydroxide complex (1) quantitatively by 1H NMR spectros-
copy (eq. 3). Compound 7 can be isolated as a lemon-colored solid in .,... 
47% yield by recrystallization from petroleum ether. The 1H NMR 
spectrum of 1 displays a single resonance at cS 1. 90 for the 775-C5(CH3 ) 5 
protons, a resonance at 0 2. 86 assigned to the NCH3 protons, and 
resonances characteristic of two inequivalent tolyl ligands. The 
presence of the hydroxyl ligand is confirmed by an OH proton reso-
nance at 0 2. 604 and an 0-H stretch at 3695 cm-1 in them spectrum. 
4. 2. 2 Crystal structure of Cp*2 Zr(NMeNCTolz)OH (7) -. 
The structure of Cp*2 Zr(NMeNCTolz)OH (7) was confirmed by -. 
X-ray diffraction methods. Yellow crystals of 7 grown from benzene 
""' 
are monoclinic, crystallizing in the space group P21 /n with four mole-
cules per unit cell. The pertinent crystal data are summarized in 
Table 4.1. 6116 independent data were collected with 3.5• < 29 < 44• 
(± h, k, .1.). Using anisotropic Gaussian amplitudes for all nonhydrogen 
atoms, least-squares refinement gave R = 0. 051 (3798 F 0
2 > 3ur) and 
a goodness-of-fit of 1. 94. 
The molecular structure of Cp*2 Zr(NMeNCTolz)OH (1) is pre-
sented in Figure 4.1 and a skeletal view of the immediate ligation about 
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TABLE 4.1. Crystal Data for Cp*2Zr(NMeNCTo~)OH (7). 
""' 
Formula C3Jf48N20Zr 
Formula Weight 616.02 
Space Group P21 /n 
a 10. 935(3) A. 
b 20. 557(6) A 
c 14. 777(3) A 
13 90. 09(2) A 
v 3321. 7(15) A3 
z 4 
Pealed 1. 23 g/cm
3 








FIGURE 4. 2. Skeletal View of Cp*2Zr(NMeNCTo~)OH (1). a 
aBond distances are in A. 
171 
zirconium with relevant bond distances and bond a.ngles is given in 
Figure 4. 2. The hydrazonido ligand is coordinated to the zirconium 
in an rl-(N, N') fashion with the N(2) atom occupying the central equa-
torial position. 6 The 0-H hydrogen atom, althrogh not refined, was 
located from the AF map and extends into the equatorial "wedge" 
formed by the pentamethylcyclopentadienylligands. 
The structure of 1 is quite similar to that of Cp2Zr(NMeNCP~)Me 
(2) reported by Floriani. 3 The Zr-N(l) (2. 349(4) A) and Zr-N(2) ,... 
(2.112(4)A) bond distances compare with those observed for 2 (Zr-N(1), 
"" 
2. 283(3); Zr-N(2), 2.103(3)). In both cases, the Zr-N(central) bond 
distance is shorter than the Zr-N(lateral} bond distance, implying a 
greater interaction between the zirconium and nitrogen (central) atoms. 
The Zr-N(2) bond distance in 7 would be expected to be shorter than ...... 
the Zr-N(l) distance, since the former bond results from a sigma 
interaction whereas the latter results from a dative interaction. A 
purely dative Zr-N interaction has been observed in the zirconium-
ketene GOmpound Cp*2 Zr(OCCH2 )pyr, which exhibits a Zr-N bond 
distance of 2. 403(1) A. 7 The N(1)-C(1) bond distance of 1. 316(6) A in 
7 is characteristic of a N=C double bond, 8 but the N(l}-N(2) distance 
"" 
of 1. 348(5) A is intermediate between an N-N single (1. 45 A.)8 and N=N 
double (1. 25 A) bond, 8 ' 9 implying some electronic delocalization over 
the C-N-N unit. The Zr, 0, H, N(l), N(2), and C(l) atoms are 
approximately coplanar with the greatest deviation from planarity 
observed for the N(2) (0. 091 A) and H (0. 087 A) atoms. A review of 
the crystallographic literature establishes that the Zr-0 bond distance 
of 2. 553(3) A in M_ is the longest Zr-0 distance yet reported. 10 
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Typical Zr-0 bond distances for complexes which exhibit a Zr-0 
sigma interaction are 2.1-2.3A.. 11 Apparently, electron donation 
from the two nitrogen atoms to the zirconium results in a rather sub-
stantial charge accumulation at the metal center and a formally closed 
shell configuration, resulting in a decrease in the zirconium-oxygen 
1r interaction. It is also interesting that the 0-H hydrogen atom 
extends toward the equatorial "wedge" formed by the pentamethyl-
cyclopentadienylligands. Steric interactions between the H atom and 
the N-Me and Cp* groups and the very weak (perhaps nonexistent) 
Zr-0 1r interaction must dictate this preferred geometry over those in 
which the H atom extends toward the N(2) atom or toward one of the 
two Cp* rings. A substaitial electron donation from N(2) to zirconium 
resulting in a slight positive charge on N(2) may also explain why no 
N(2)-H hydrogen bonding is observed in this complex. 
4. 2. 3 Mechanism for the Formation of Cp*2Zr(NMeNCTo~)Me (1) 
A mechanism proposed for the formation of 7 from 3 and 4 is 
"" "" "" 
depicted in Scheme 4.1. The mechanism involves initial nucleophilic 
attack of the nitrogen lone pair of the more basic terminal nitrogen 
(N(2)) on the highly electrophilic zirconium (IV) center to afford inter-
mediate 5. Intermediate 5 is drawn so that the incoming diazoalkane 
"" ....... 
molecule interacts with the LUMO in the lateral equatorial coordination 
position. Migration of the methyl ligand to N(2) via a 1, 2-methyl shift 
affords the r( -N-bonded intermediate~· Dative coordination of the 
N(l) nitrogen atom to the zirconium· affords the 77 2 -N,N'-hydrazonido 
product 7. Rotation about the Zr-N(2) bond must be restricted since ....... 
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- + 
N=N=CTol ,' 2 - + 
Cp*2Zr(Me)OH + N=N-CTo~ ---~· Cp* zr'-Me 2 
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Cp*Zr-Me • • 
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Cp*Zr-Me 












2 " OH 
7 ,... 
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SCHEME 4. 1. Mechanism for the Formation of Cp*2Zr(NMeNCTol2)Me (7). ,... 
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only the N(2)-central isomer is observed as the product. Coordination 
of the diazoalkane molecule to the lateral bonding position should be 
favored over coordination to the central bonding position due to in 
creased overlap between the lateral LUMO's on zirconium and the 
nitrogen lone pair. Sl:eric constraints imposed by the methyl and 
hydroxyl ligands may also inhibit nucleophilic attack of the diazoalkane 
molecule at the central bonding position. 
4. 2. 4 Reaction of Permethylzirconocene Dimethyl with 
Bis(p-tolyl)diazomethane 
Cp*2 ZrMe2 (!!) also reacts with one equivalent of To~CN2 (1) at 




Cp*2 ZrMe2 To~CN2 
60°C i/' \ 
+ ~ Cp"2Zr-N-Me 
" Me 
8 4 9 
....... 
(4) 
Complex 9 can be isolated as a yellow-white solid in 56% yield by re-....... 
crystallization from petroleum ether. A similar compound (2, eq. 2) 
"" 
was prepared by Floriani in the reaction of CP2ZrMe2 with diphenyl-
diazomethane. 3 The 1H NMR spectrum of 9 displays a single resonance 
"" 
at 15 2. 56 assigned to the NCH3 protons, and a high field singlet at 15 0. 0 
consistent with a methyl ligand coordinated to zirconium. 12 Complex 
~ does not react with an additional equivalent of To~CN2 (1) even at 
ao•c when decomposition of the diazoalkane is rapid. Similar to the 
reactivity observed for!, 3 ~also does not react with H2 or donor 
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molecules such as CO. Although the insertion of carbon monoxide into 
metal-nitrogen bonds is rare, 13 the insertion of CO into metal-carbon 
bonds of the early transition metals is generally a facile process. 14 
Floriani has attributed the nonreactivity of complexes such as 2 and 9 
""' ...... 
with CO as a consequence of the rf-N, N' coordination of the hydrazonido 
ligand which effectively coordinatively saturates the metal center. 3 
Apparently, the electrophilic Zr(IV) center(!!, Scheme 4.1) prefers 
the nucleophilic lone pair on N(1) to carbon monoxide coordination. 
Considering that N(1) would be expected to be a better <T -donor than 
CO and remembering that the 77 2 -N, N' -hydrazonido ligand has the 
additional stabilization of the chelate effect, 15 it is not surprising that 
complexes such as ~ and !!_ are unreactive toward donor molecules 
such as CO. 
4. 2. 5 Reaction of Permethylzirconocene Haloalkyl and Haloaryl 
Complexes with Bis(p-tolyl)diazomethane 
The relatively slow rate of reaction between the zirconium 
methyl complexes Cp*2Zr(Me)OH <ID and Cp*2 ZrMe2 (1) with To~CN2 (_1) 
(60• C, 12 hours) prompted an investigation of the relative reaction 
rates between various monosubstituted permethylzirconocene halide 
complexes and To~CN2 • A series of monoalkyl (aryl) permethylzir-
conocene bromide complexes were prepared by treating the dibromide, 
Cp*2 ZrBr2 , with the appropriate Grignard reagent. In this manner, 
the methyl, ethyl, benzyl, and phenyl complexes were prepared (eq. 5). 
Cp*2 Zr(H)Br was prepared by a disproportionation reaction between 
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Cp *2 ZrBr 2 + RMgX - Cp *2 Zr(R)Br + MgBr(X) 




Cp* ZrBr + Cp* ZrH 120• C ... 2Cp*Zr(H)Br 2 2 2 2 2 weeks 
(5) 
(6) 
Cp*2 ZrBr2 and Cp*2 ZrH2 (eq. 6), analogous to the procedure used in 
the synthesis of Cp*2Zr(H)Cl. 
16 
Treatment of the Cp*2 Zr(R)Br (R = H, Me, Et, CH2Ph, "Al) 
derivatives with To~CN2 affords the respective 77 2 -N, N' -hydrazonido 
complexes quantitatively by ~ NMR spectroscopy (eq. 7). These 
compounds can be isolated as light-colored solids and their formulation 
is confirmed by elemental analysis and 1H NMR and IR spectroscopy 
... 





2 " Br 
(7} 
The rates of these reactions were obtained by 1H NMR spectros-
copy at 25•c and are reported as t1 measurements (Table 4. 2). The 
2 
rate of reaction of the hydride complex with To~CN2 is extremely fast 
(t1 < 5 sec); the reaction is complete by the time the reaction solution 
2 
can be examined by 1H NMR spectroscopy. The rate of reaction of the 
phenyl complex with To~CN2 is extremely slow; complete reaction is 
obtained only after days at room temperature. Examination of the t1 
2 
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TABLE 4. 2. t.! Values for the Reaction of Cp*2 Zr(R)Br (R = H, Me, 2 
Et, CH2 Ph, Ph) with To~CN2 (1) to Afford 
Cp*2Zr(NRNCTo~)Br. 
Compound tt23•c (min) 
* Cp 2 Zr(H)Br < 8. 0 X 10-2 
* Cp 2 Zr(Me)Br 1. 4 X 10
2 
* Cp 2 Zr(Et)Br 2.1 X 10
1 
* Cp 2 Zr(CH2 Ph)Br 1. 0 X 10
1 
* Cp 2 Zr(Ph)Br > 7.2x 10
2 
~eactions were performed in C6D6 and were monitored by 
1H NMR 
spectroscopy. Solutions were 8. 7 M in zirconium complex and 
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values indicates that the relative rates of reaction between monosub-
stituted permethylzirconocene bromide complexes and To~CN2 is 
hydride » benzyl > ethyl > methyl » phenyl. 
The rates of the migratory insertion reactions observed in this 
system are best viewed as controlled by the migratory aptitude of the 
transfering groups and by the initial rate (or preequilibrium) of 
coordination of the diazoalkane molecule to the metal center. As 
evident from intermediate 6 in Scheme 4. 1, if the migrating group .,..._ 
transfers with its electron pair, electron donating groups should 
migrate more readily than electronegative groups. Since hydride and 
alkyl groups are less electronegative than aryl groups, 17 hydride and 
methyl should migrate faster than phenyl. Several reports indicate 
this to be the case. Methyl has been found to migrate faster than 
phenyl in the formation of zirconocene acyl complexes from dialkyl 
precursors and CO. 18 The migratory insertion of various groups into 
a niobocene-carbene bond follows the order H >Me> CH2Ph, 
19 
precisely what is predicted on the basis of increasing electronegativity 
within this series. 17 Thus, it is not surprising that in the hydrazonido 
system, the hydride complex reacts much more rapidly than the phenyl 
complex. On the basis of electronegativities, the methyl and ethyl 
complexes sh~uld react more rapidly than the benzyl complex; the 
opposite order of reactivity is observed. This may be due to the rate 
(or position of the preequilibrium) of coordination of the diazoalkane 
molecule to the metal center. Since this process is believed to occur 
by nucleophilic attack of a nitrogen (N(2)) lone pair on the electrophilic 
zirconium(IV) center, electron donating ligands on zirconium 
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would inhibit this coordination. Although both methyl and ethyl would 
be expected to migrate faster than benzyl, the alkyl ligands must sub-
stantially reduce the electrophilicity of the zirconium so that initial 
diazoalkane coordination is inhibited. Apparently, the migratory 
aptitude of phenyl is so low, that even with the reactivity inhibition 
imposed by the zirconium alkyl ligands, the reaction of the phenyl 
complex is slower still. steric effects may also play some role in 
this process. 
4. 2. 6 Reaction of Permethylhafnocene and Permethylzirconocene 
Dihydride with Bis(p-tolyl)diazomethane and its Hydrazone 
In an effort to observe whether a diazoo.lkane wruld insert into 
two ligands coordinated to a group (IV) metal, the reaction of To~CN2 
with permethylhafnocene and permethylzirconocene dihydride 
(Cp*~ffi2 (!Q) and Cp *2 ZrH2 (!1)) was investigated. Treatment of 
Cp*2Hffi2 (l.Q) with one equivalent of To~CN2 (!)at room temperature 
in toluene solution affords the 11 2 -N, N' -hydrazonido-hydride complex 
(12) (eq. 8) quantitatively by 
1
H NMR spectroscopy. Complex 12 can 
'"'""' "'""' 
be isolated as a yellow solid in 50% yield by recrystallization from 
petroleum ether. The~ NMR spectrum of 12 consists of a single 
"'""' 
resonance at 151.93 for the 1J 5 -C5 (CH3 ) 5 protons and a broad resonance 
at ~ 5. 95 assigned to the NH proton. A broad low field singlet observed 
at ~ 9. 62 is characteristic of hafnium hydride ligand resonances. 20 
Resonances indicative of two inequivalent tolyl groups are also 
observed. The IR spectrum of 12 confirms the presence of the NH and ,_.... 












1620 cm-1 • Complex g can also be prepared by treating Cp*2Hffi2 (!Q) 
with one equivalent of the hydrazone derivative of 1> To~CNNH2 (ll) 









+ ~ (9) 
by Toepler pump analysis of the gas product. This reaction is similar 
to that used to prepare hafnium amido-hydride complexes, by the 
reaction of Cp*2Hffi2 with primary amines, 
20b and hafnium hydroxy-
hydride complexes, by the reaction of Cp*2Hffi2 with water. 
5 As with 
many hydride complexes of hafnium and zirconium, g reacts with CH3 I 
to afford the iodo derivative of g (!1) and CH4 (1. 0 mol CH4/molg)
21 
(eq. 10). The spectral data of 13 are similar to those observed for 12 ......,.... .,.,.... 
-1'CTol2 
.N ,., 
Cp*Hf-N-H + CH3I 





II'\ ---ill..... Cp *2H(~-N- H + CH4 
I 
13 
except for the expected absence of a Hffi proton resonance in the 1H 
NMR spectrum and a Hf-H stretch in theIR spectrum. Thus, ll is 
also formulated as an 77 2 -N, N'-hydrazonido species. 
(10) 
Although 12 does not react with CO even at elevated temperatures ......,.... 
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(80 •c), treatment of ll with one equivalent of To~CN2 (1,) does afford 
the bis-hydrazonido complex 16 (eq. 11). Although 16 can only be 
- """"" ...........-. 
ij-CTo~ 
N 





isolated as an orange oil, elemental analysis of a related zirconium 
complex (vide infra) suggests a configuration in which two diazoalkane 
molecules are coordinated to a single metal center. Complex 16 can 
""""" 
also be prepared by treating Cp*2HfH2 (!Q) with two equivalents of 
To~CN2 (1_). The 1H NMR spectrum of!§. consists of a single resonance 
at 61.88 for the 175 -C5(CH3 ) 5 protons and a broad singlet at 6 6. 83 
assigned to one of the two NH protons. Presumably, the second NH 
proton resonance is obscured by solvent or tolyl proton resonances. 
To satisfy the 18-electron rule, 16 is formulated with one hydrazonido 
""""" 
ligand coordinated in an 17 2 - N, N' fashion and the other in an TJ '-N 
fashion. The 1H NMR spectrum also indicates that!§.. is nonfluxional 
on the NMR time scale at room temperature; no equivalence of the 
tolyl ligands is observed. The reaction of 12 with 4 contrasts with the ...,.... ....... 
stability of the hydrazonido-methyl complex~ toward a second insertion 
of diazoalkane. 
The insertion of To~CN2 into the Hf~H bond of g probably 
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requires a vacant coordination site for diazoalkane complexation. The 
most reasonable method for generating such a site would be to disso-
ciate the N(1) atom of the 772 -N,N'-hydrazonido ligand in an equilibrium 
step to afford the 771-N-hydrazonido intermediate 14 (Scheme 4. 2). ,_ 
This equilibrium lies to the left, since 12 can be formed with little or .......... 
no trace of!§. when solutions of Cp*2HfiJ2 are treated with one equi-
valent of TolzCN2 at room temperature and since no proton resonances 
attributable to a species such as 14 are present in the 1H NMR spectrum .......... 
of 16. The coordinatively unsaturated intermediate 14 then reacts with ,....,.... ~
TolzCN2 to give the diazoal.kane adduct ll_ in which the N(2) atom of the 
entering diazoal.kane molecule interacts with the LUMO in the lateral 
equatorial coordination position. Coordination to the lateral position is 
preferred over coordination to the central position again because of 
better orbital overlap and because of steric restrictions induced by the 
hydride and hydrazonido ligands. A 1, 2-hydrogen shift followed by 
dative coordination of the N(1) nitrogen atom as per Scheme 4.1 affords 
the 771-N-hydrazonido-77 2 -N, N'-hydrazonido product !§_. It is noteworthy 
that although g reacts with TolzCN2 , no reaction is observed with CO. 
Since the N(1) atom would be expected to be a better a -donor than CO, 
coordination of carbon monoxide may be inhibited. The reaction of 12 
"""" 
with TolzCN2 is probably a consequence of the greater nucleophilicity of 
the N(2) atom of the entering diazoal.kane as compared with that of the 
N(1) atom of the coordinated hydrazonido ligand. 
The reactivity of TolzCN2 with permethylzirconocene dihydride 
was also investigated. Treatment of Cp*2 ZrH2 (!1) with one equivalent 
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SCHEME 4. 2. Mechanism for the Formation of Cp*2Hf(NHNCTol2 ) 2 {_!1). 
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spectroscopy as mono- and bishydrazonido complexes. Even when 
this reaction is performed at -78•c, the monohydrazonido complex 
cannot be isolated cleanly. Treatment of 17 with two equivalents of 4 
""'"'"' ,... 
does afford the bishydrazonido complex 18 as an orange oil, quantita-
"""" 
tively by 1H NMR spectroscopy (eq. 12). The 1H NMR spectrum of 18 ,...,... 
(12) 
17 18 
is similar to that of 16 and, by analogy, 18 is formulated as the ,...,... ""'"'"' 
771 -N-hydrazonido-ry 2 -N, N' -hydrazonido complex. It is not surprising 
that the monohydrazonido complex cannot be isolated cleanly in the 
zirconium system. Typically, the hydride complexes of zirconium are 
found to be more reactive than those of hafnium. 22 
4. 2. 7 Reaction of Permethylhafnocene and Permethylzirconocene 
Dihydride with (p-Tolyl)diazomethane and its Hydrazone 
In an effort to observe the effects of steric interactions in these 
insertion reactions, the reaction of Cp*2HfH2 with a less bulky diazo-
alkane was investigated. para-Tolyldiazomethane (TolCHN2 (!JV) was 
chosen for this study because it is one of the least sterically hindered 
diazoalkanes which is moderately stable at room temperature. 
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Treatment of Cp*2Hffi2 (!Q) with one equivalent of TolCHN2 (!i) in 
toluene solution affords a yellow oil consisting of two products formed 
in a 70:30 ratio eH NMR). The 1H NMR spectrum of this mixture 
suggests that these products may be the N(2)-central (!ID and N(2)-





Jl" \ I \ 
+ ... Cp*Hf-N-H + Cp"2Hf--:N=CHTol 2 '\ 
" H H 
10 19 22 (70%) 23 (30%) ......,.... ........... ........... 
assigned to the N(2)-central configuration (22) include a singlet ........... 
<51.94 (Cp*), a broad singlet at <56.57 (NH), a low field ' singlet at 
<59. 33 characteristic of a hafnium-hydride ligand resonance, 20 and a 
resonance at a 7. 28 assigned to the CH proton. Typical tolyl reso-
nances are also observed. Resonances assigned to the N(2)-1ateral 
configuration(~ are similar: <51. 93 (Cp*), <55. 50 (NH), <58 . 58 (Hffi) , 
<57. 07 (CH). Although 22 and 23 could be formulated as having the 
~ ........... 
same metal-hydrazonido coordination but different geometries about 
the nitrogen-carbon double bond, this appears less likely. The 1H 
NMR spectra of 22 and 23 are significantly different that a simple ........... ........... 
rotation about the nitrogen-carbon bond wruld not account for these 
differences. Also, because the reaction of diazoalkanes with zirconium 
and hafnium complexes normally affords N(2) -central coordinated 
hydrazonido species, 22 (the major product in the 22-23 mixture) is ........... _.... ........... 
(13) 
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also formulated as N(2)-central coordinated. The hydrazonido com-
plexes ~ and ~are similar in configuration to the 77 2 -C, 0-acyl 
compounds Cp *2Z r ( COCHPMe3) H (oxygen-central) and 
Cp*2Zr(COCHPMe3)H (oxygen-lateral). llb Unlike the 77
2 -acyl com-
pounds, 22 and 23 do not interconvert; the 22:23 ratio of 70:30 (formed 
............... ............... """"' .,.....,..... 
upon mixing !.Q and !,ID does not change when solutions of the ~-ll 
mixture are heated at so• C. Also, complex 23 can be isolated cleanly 
""""" 
by another route (vide infra) and does not isomerize to the N(2) -central 
species 22 when heated • .......,._ 
The ~-ll mixture does react with CH3I to afford a yellow 
















CH3I • Cp* Hf'C_'N-H 
-CH 2 "\. 
4 I 
24 
only a single species in solution. Because of the similarity between 
the 1H NMR spectrum of 22 and 24, complex 24 is formulated as the 
""""' ,...,.. ""'"" 
N( 2) -central isomer. 
(14) 
In an attempt to prepare the N(2)-central 17 2-N, N' -hydrazonido 
complex ~ cleanly, the hydrazone derivative of li (TolCHNNH2 (~)) 
was employed. A reaction similar to that observed for Cp*JifH2 and 
To~CNNH2 (equation 9) was expected. Unlike TolCHN2 (!,ID (which is a 
metastable liquid at room temperature), 23 the hydrazone 20 is a stable 
""""' 
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white solid. Treatment of Cp*2Hffi2 (!.Q) with one equivalent of ~' 
however, affords the N(2)-lateral complex ll and H2 (eq. 15). The 1H 
NMR spectrum of this reaction mixture indicates no resonances 











attributable to the N(2)-central isomer~- Treatment of ll with CH3 I 
affords an intractable mixture of products, explaining why no iodo 
derivative of 23 is formed when the 22-23 mixture is similarly treated. 
-"'-" ......,.. ......,.. 
steric interactions between the N(2)CHTol moiety and iodide ligand may 
account for the instability of the iodide derivative of 23. 
-"'-" 
As previously mentioned, the 77 2 -N, N' -hydrazonido isomers 22 
-"'-" 
and 23 do not interconvert. Resonance structures such as those 
-"'-" 
depicted in Figure 4. 3 may be responsible for the strength of the 
Hf-N(2) bonds in these complexes and the inability of 22 and 23 to 
-"'-" -"'-" 
isomerize from one isomer to another. It is reasonable, then, to 
suppose that different mechanisms are operative in the formation of 
each isomer. A likely mechanism for the formation of the N(2)-central 
isomer 22 would follow the reasoning used in Scheme 4. 1 for the 
-"'-" 
formation of 7. In this mechanism, the diazoo.lkane molecule initially ....... 
coordinates to a lateral equatorial bonding position. The mechanism 
proposed for the formation of the N(2)-1ateral isomer~ is depicted in 
~CHTol 
-N 









2 ' H 
FIGURE 4. 3. Cp*2Hf(NHN CHTol)H (22) Resonance Structures. 
"""'"' 
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Scheme 4. 3. This mechanism is similar to that of Scheme 4.1, except 
that the diazoalkane now initially coordinates to the central equatorial 
bonding position (intermediate~!). A 1, 2-hydrogen shift followed by 
dative coordination of the N(1) atom affords the N(2)-lateral isomer 23. 
-""""' 
Apparently, TolCHN2 is sufficiently small so that some initial coordi-
nation to the central position on hafnium is possible. To~CN2 (1), 
however, must be too sterically hindered for favorable coordination to 
the central position (cf. eq. 8). The reaction of Cp*~fH2 (!Q} with 
TolCHNNH2 (~) to afford ~ is unusual in that only a single isomer 
(N(2)-lateral) is observed. It is not clear whether this process involves 
prior coordination of the diazoalkane molecule or simply a concerted 
loss of H2 • 
Treatment of the 22-23 mixture with a second equivalent of 
-""""' ............. 
TolCHN2 (!.ID affords the bishydrazonido complex ~ (Scheme 4. 4). 
Complex~ is conveniently prepared by treating Cp*2HfH2 (!.Q) with two 
equivalents of TolCHN2 (.!&) in toluene solution and is isolated as a 
yellow solid in 51% yield by recrystallization from petroleum ether. 
Elemental analysis suggests a formulation in which two diazoalkane 
molecules are coordinated to one hafnium center. The ~ NMR spec-
trum of~ consists of an 7J 5-C5(CH3 ) 5 proton resonance at l> 1. 83, two 
NH proton resonances at l5 7. 10 and l5 6. 29, two methyne proton reso-
nances at l) 7. 42 and l) 7. 10, and resonances characteristics of two 
inequivalent tolyl groups. Thus, the bishydrazonido complex is pro-
bably nonfluxional on the NMR time scale. Two N-H stretches are also 
observed in the m spectrum at 3300 cm-1 and 3180 cm-1 • It is inter-
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SCHEME 4. 4. Synthesis of Cp*2 Hf(NHNCHTol)2 (25) . ............ 
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complexes afford the same bishydrazonido species. Apparently, once 
initial coordination of the second diazoalkane molecule is achieved, 
rotation about the Hf-N bond of the previously coordinated diazoalkane 
is a facile process. Steric interactions in the hafnium coordination 
group probably affect this rotation. 
4. 3 Conclusion 
The results of this chapter indicate that permethylhafnocene and 
permethylzirconocene complexes react with diazoalkanes and their 
derivatives to afford TJ 2 -N, N' -hydrazonido species. These reactions 
formally represent the insertion of a diazoalkane molecule into hafnium 
and zirconium hydride and carbon bonds. No carbene-insertion prod-
ucts are observed in these reactions. The hydrazonido complexes are 
extremely stable to substrates such as H2 and CO, but the hydride 
complexes readily react with a second equivalent of diazoalkane to 
afford bishydrazonido compounds. Rate studies for the reaction of 
permethylzirconocene haloalkyl and haloaryl complexes with 
bis(p-tolyl}diazomethane suggest that these insertion reactions are 
governed by the migratory aptitude of the transferring group and by the 
rate (or preequilibrium) of initial complexation of the diazoalkane to 
the metal center. 
4. 4 Experimental Section 
4. 4.1 General Methods 
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All manipulations involving air sensitive compounds were per-
formed in an inert atmosphere using high vacuum line or glove box 
techniques. Argon was passed through MnO on vermiculite and 4 A. 
molecular sieves. 
4. 4. 2 Physical and Spectroscopic Methods 
Proton magnetic resonance spectra were recorded using a Varian 
EM390 spectrometer. Chemical shifts are reported in ppm (5) relative 
to Me4Si ( o 0. 0). Infrared spectra were recorded using NaCl plates on 
a Beckman 4240 spectrometer. 
Molecular weight determinations (by osmometry) and elemental 
analyses were performed by the Alfred Bernhardt or Dornis and Kolbe 
Analytical Laboratories. 
4. 4. 3 Solvents and Reagents 
Solvents used with air-sensitive compounds were distilled first 
from LiAlli4 and then from "titanocene". 
24 Benzene-d6 was also 
distilled from titanocene. Methy 1 iodide was vacuum transferred 
from CaH2 • 
The following compounds were prepared by the literature proce-
* 12a * 7 c * ( ) 7 c * m 25 dures: Cp 2 ZrMe2 , Cp 2 ZrBr2 , p 2 Zr Me Br, p 2H 2 , 
* 26 26 26 Cp 2 ZrH2 , TolCHN2 , TolCHNNH2 • 
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4. 4. 4 To~C=N-NH2 (!]:) 
The method of preparation was a modification of that for benzo-
phenone hydrazone. 27 4, 4' -Dimethylbenzophenone (5. 0 g, 24 mmol) 
was suspended in 40 mL absolute ethanol. Via pipette, hydrazine 
(5. 0 g, 0.15 mol) was added slowly to the stirred benzophenone mix-
ture and when addition was complete, the solution was brought to 
reflux and maintained at this temperature for 12 hours. Upon heating, 
the solid dissolved and the solution became cloudy and orange in color. 
The solution was then cooled at o• C for 12 hours. White crystals of 
11 precipitated which were isolated by filtration and washed with cold 
"""' 
1 3 
absolute ethanol (3. 6 g, 67%) H NMR (benzene-d6):_<S 7. 72 (d, JHH = 
9. 9Hz, 2H, Tol); 7.10-6.85 (m, 6H, Tol); 5. 01 (s, 2H, NH2 ); 2. 05 
(s, 6H, Tol). 
4. 4. 5 To~C=N=N (!) 
The method of preparation was a modification of that for di-
phenyldiazomethane. 27 To~C=N-NH2 (!!) (3. 6 g, 16 mmol) and HgO 
(4. 5 g, 21 mmol) were suspended in 25 mL pet. ether and the mixture 
stirred under an argon atmosphere for 9 hours. The reaction solution 
was filtered through Celite, quickly dried over MgS04 , and again 
filtered to remove the drying agent. The solvent was removed with a 
rotary evaporator to afford 4 as a purple crystalline solid (2. 0 g, 56%) • ....... 
1H NMR (benzene-d6): 6 7.07-6.85 (m, 8H, Tol); 2.07 (s, 6H, Tol). 
4. 4. 6 Cp*2 Zr(Me)OH (ID 
Cp*2 ZrMe2 (ID (300 mg, 0. 77 mmol) was dissolved in THF 
(25 mL) and the solution cooled to -78•c. With rapid stirring, 
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770 J.LL of a solution of H20 in THF (1. 0 M, 0. 78 mmol) was added to 
the zirconium solution via syringe and the mixture allowed to warm 
slowly to room temperature and stir for 12 hours. The solvent was 
reduced to 10 mL, the solution filtered, and the toluene removed in 
vacuo. The residue was triterated with pet. ether (4 mL), the 
suspension cooled to -7a•c and then filtered at this temperature to 
afford~ as a white crystalline solid (250 mg, 83%). Anal. Calcd for 
C21H340Zr: C, 64.06; H, 8.70; Zr, 23.17. Found: C, 63.84; H, 8.72; 
Zr, 22. 91. ~ NMR (benzene-d6): <54. 20 (s, 1H, OH); 1. 80 (s, 30H, 
C5(CH3 ) 5); -0. 2 (s, 3H, ZrCH3 ). 
4. 4. 7 Cp*2Zr(NMeNCTo~)OH (1) 
Cp*2 Zr(Me)OH (~ (230 mg, 0. 58 mmol) and To~CN2 (1) (137 mg, 
0. 62 mmol) were suspended in toluene (15 mL) at -78° C. The mixture 
was warmed to room temperature and then heated at 5o•c for 2 days, 
after which time the toluene was removed from the light orange-
colored solution in vacuo to give an orange oil. The oil was triturated 
with pet. ether (5 mL) which effected precipitation of a lemon-colored 
solid. Filtration of the mixture at room temperature afforded 7 as a ....-. 
light-yellow powder (170 mg, 47%). Anal. Calcd for C3J148N20Zr: 
C, 70.19; H, 7.85; N, 4.55; Zr, 14.81. Found: C, 70.31; H, 7.90; 
N, 4. 61; Zr, 14.87. ~ NMR (benzene-d6): <57. 68 (d, 
3
JHH = 9. 2Hz, 
3 3 
2H, Tol); 7. 35 ( d, JHH = 9. 2 Hz, 2H, Tol); 7. 02 ( d, JHH = 9. 2 Hz, 
2H, Tol); 2.86 (s, 3H, NCH3 ); 2.60 (s, 1H, OH); 2.20 (s, 6H, Tol); 
2.14 (s, 6H, Tol); 1. 90 (s, 30H, C5(CH3 ) 5).
13 The remaining aromatic 
tolyl resonances were obscured by solvent. m (nujol): v(OH) 3695 em - 1• 
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4. 4. 8 Crystal Structure of Cp*2Zr(NMeNCTo~)OH (1) 
Yellow crystals of Cp*2Zr(NMeNCTo~)OH CD grown from benzene 
were mounted in glass capillaries under a nitrogen atmosphere. A 
series of oscillation and Weisse.nberg photographs established the 
crystals as monoclinic, and the systematic absences (OkO for k odd, 
hOt for k+f odd) indicated the space group P21 /n. Crystal data are 
summarized in Table 4.1. Lattice constants were obtained from the 
least-squares refinement of twenty-nine 29 values (20 < 29 < 36°). 28 
A total of 6116 reflections were collected on a locally modified 
Syntex P21 diffractometer and included blocks of three check reflections 
measured after each 97 reflections. No decomposition was observed 
and the d3.ta were corrected for Lorentz and polarization effects. 
Observational variances, a 2 (F a2), were based on counting statistics 
with the additional term (0. 02 x scan counts)2 • 
The zirconium atom coordinates were derived from the Patterson 
map and the subsequent Fourier maps revealed the remaining atoms. 
Hydrogen atoms were introduced at idealized positions with the aid of 
A F maps and the coordinates and Gaussian amplitudes were fixed. 
The 0-H hydrogen atom was located on the A.F maps. 
The final difference map indicated no peaks greater than 
0. 7 e- A-s. Details concerning the data collection and the final cycle 
of refinement29 are given in Table 4. 3. Fractional atomic coordinates 
and Uij 's are given in Table 4. 4. Final hydrogen atom coordinates and 
B's are given in Table 4.5. Bond distances and bond angles are given 
in Tables 4. 6 and 4. 7, respectively. Least-squares planes of the 
pentamethylcyclopentadienyl and tolyl rings are given in Table 4. 8 and 
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28 Scan Rate 
28 Limits 
Scan Time /Bkgrd Time 
Number of Reflectionsa 
Rb (Fo2 > 0) 
Rb (Fo2 > 3aF 2 
0 
Goodness-of-Fitc 
0. 71069 A (MoK , graphite mono-
a chromator) 
9-28 
1.1• below K 
al 
1.1 • above Ka.; 
3. 91• /min 
3.5-44. 
0.2 




aTotal number of unique reflections, all reflections with F 0
2 > 0, all 
reflections with F 0 
2 > 3a F 2 • 
bR =I)Jioi-IFcii/:E IFol· 
0 
c {~ 2 2 2 }1 Goodness-of-fit = LJW [F0 - (F c/k) ] I (nref- npar) 2 • 
TABLE 4. 4. Final Nonhydrogen Atom Parameters for 7 (coordinates x 10
6
, u .. (A2) x 104). 
.,... 1] 
2; II "' flu (]22 U.1 3. U12 u,3 (]23 
Zr 94078(·1 22:Hl2(~) •1650(3 311(2 :J2fi(2) 301(2 16(:\ 16(2 -1(2 
0 109820 28 16~ 1 5(1:~ 1H:\5 19 440 20 26T' 476 19 13 
w 127 16 -33 14 
zm 90733 :14 :~21lli2~1~ !J>i4 I 22 :Jfi2 22 4(1:) 21i 288 21 10 21 - 50 17 -8 18 98436 36 29217 18 1472B 23 4H3 25 522 2!l 322 21 22 22 -86 19 -52 19 
c IJ 87447 43 3905:l 22 1 1000 28 385 27 379 :m 358 26 - 13 24 10 22 -21 22 G2 103461 I\ I 30827 21i 23449 35 961 50 607 37 535 35 185 37 -306 35 -48 28 
Gil 1131119 44 26546 2:J - 394-1 30 102 28 518 36 417 27 -68 27 97 22 2 25 
c 12 1125li!l 17 1!1786 22 - 5936 32 428 30 4'"' .,a 32 471 30 114 26 129 :!5 24 24 
c 13 102225 47 18648 23 -11121 29 526 3:\ 3!l4 30 324 26 - 41 27 97 24 -41 22 
C14 96073 45 246rll 21 -12398 30 37:\ 28 604 34 326 26 21 25 31 22 59 22 
CIS 103191 48 29431 22 -1'1223 30 573 34 371 32 404 27 25 26 235 25 ·26 22 
c 21 123:105 54 29924 28 1011 38 574 38 862 46 701 38 -231 35 60 32 -63 32 
c 22 1221'165 57 15059 ao - 4168 :J8 650 41 865 45 716 40 282 38 154 34 42 34 
c 23 )()0127 :>9 12:\1'12 27 -16381'1 37 839 47 596 38 651'1 37 -104 37 65 35 -200 30~ ..... c 21 8S876 56 25881 2!.1 -18!.108 33 692 41 J0]7 49 404 31 66 38 -25 29 100 29 co 
c 25 101667 61 3fi757 27 -9:\95 39 896 49 508 37 803 40 -39 36 324 37 144 31 co 
c 31 7311:! 4fi 21043 2·1 12863 33 468 31 5:u 37 537 31 -88 28 206 25 -63 27 
c 32 80555 48 16025 21i 16012 31 521 a1 652 38 390 29 - 103 31 101 26 137 27 
c 33 82688 49 11no 24 1'1780 36 484 33 406 32 706 37 - 50 28 97 29 73 28 
c 34 76285 50 13H!.II 26 1309 34 497 :J4 631 38 553 33 -253 31 97 28 -94 29 
c 35 705111 47 I !1905 2S 3595 36 378 30 581 37 659 36 - 84 27 67 27 62 28 
c 41 67625 fi!l 21i:m:l :m 184Ci6 44 775 45 800 48 1058 50 - 35 39 533 40 -176 39 
c 42 83838.62 1511:\2 ':\6 25715 38 782 49 1453 66 588 39 -183 49 47 36 340 40 
c 43 887!J\tHi 5201) 2lJ 9253 51 79U 49 4S3 38 1616 67 - 69 38 286 49 1711 41 
C44 7310& 64 10067 34 - 7162 43 852 51 1196 58 853 45 -533 47 230 40 -411 42 
c 46 60512 lifi 22918 3:\ - 1941 43 5SO 37 989 so 1008 18 - 100 42 - !.17 35 224 42 
c 51 78620 H 41828 22 457S 30 397 28 402 31 417 28 13 25 21 23 28 23 
c 52 72709 ss 382X!J 25 -1!.128 35 717 41 471 34 617 36 107 33 - 192 32 -77 28 
c 53 65052 57 11 (lfi5 2H -81119 37 745 41 667 42 635 37 121 36 -228 34 -113 31 
c 5·t 62829 51 477118 27 - 8231 36 473 31 664 41 604 36 16 31 - 33 29 120 30 
c 55 68321 li:J 512(18 24 - 1747 39 572 37 40:\ 34 834 42 45 ao II 33 169 30 
c 56 76139 51 4851\.1 2·1 4638 35 5:11 35 455 as 618 35 - 39 2!1 9 29 - 28 28 
c 57 54849 63 509:\0 :~o -15353 4:\ 812 49 836 47 892 47 41 43 - 155 41 306 39 
c 61 92685 45 43376 21 18048 30 414 29 3:l2 28 401 27 I 25 10 23 -46 21 
c 62 104221 49 46000 26 17105 34 443 32 723 40 491 32 - 74 31 79 26 -77 28 
c 63 108911 50 50:JI4 27 23400 36 488 35 652 39 623 36 - 213 33 - 62 29 -31 30 
0 61 102277 55 52195 24 30758 35 65:J 40 4:\9 34 656 34 - 42 30 - 144 31 -66 27 
c 65 908:\1 57 49611 :u 31685 38 1137 41 964 49 611 38 - 40 40 152 33 - 409 34 
c 66 85U:l3 51 45:l50 28 25428 :l5 486 34 808 1:J 661 34 -I:J6 33 140 28 -242 31 
c 67 107189 70 570 w :m 37596 41 1128 63 698 45 953 50 - 167 46 - 222 47 -268 38 
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TABLE 4. 5. Final Hydrogen Atom Parameters for 7 
5 0 2 " 
(coordinates x 10 , B {A ). 
:r. y z B z v z B 
II 11 ~ l!l 1171 1256 5.00 ll(143) 9489 472 ,174 5.00 
H(1C2) wu:m 3433 2280 5.00 H(213) 9:~16 479 1538 5.00 
l/(2C2) U717 :J2tl5 27Stl 5.00 //(343) 8234 161J 886 5.00 
I/(3C2) 107li0 2701 2610 5.00 H(144) 6484 U92 --s:w 5.00 
//(121) J :!UOO ;~~~fi -231 5.00 H(244) 7737 1191 - 12,Hl 5.00 
ll(221) 12080 ;~ l'l5 697 5.00 H(344) 7646 [)57 - U54 5.00 
1/(321) 130:!0 2tHJ~ 177 5.00 H(145) 5768 2687 151 5.00 
H(122) 12850 150V -940 5.00 1/(245) 6:\38 24-11 - 756 5.00 
8(222) 12720 lli01 99 5.00 11(345) 5390 2010 -265 5.00 
//(322) 11~711 1070 -3G9 5.00 H(157) 5624 5521 -1580 5.00 
H(12:l) 91UO 1264 -1917 5.00 1/(257) 5723 4859 -2196 5.00 
I/(22J) 10610 1175 -2805 5.00 1/(357) 4574 4895 - 1457 5.00 
Jf (323) lCOIO 871 -1225 5.00 H(167) 11290 5981 3488 5.00 
l/(124) 854-1 :!032 -2053 5.00 H(267) 10040 5963 4006 5.00 
H(22,l) 8700 232t -2430 5.00 H(367) 11110 5·174 4260 5.00 
H(324) 7819 2432 -1638 5.00 H(52) 7440 :.s:.sa8 -237 5.00 
H(125) 10140 3900 -414 5.00 11(53) 6082 3826 -1296 5.00 
I/(225) JOIHO 3821 -1477 5.00 H(55) 6659 5616 - 154 5.00 
H(325) 921J2 3772 -1062 5.00 H(56) 8006 5145 955 5.00 
H(141) 7390 ~8li0 2180 5.00 H(62) 10948 4469 1158 5.00 
H('.!4l) B:mo 2980 1:{90 5.00 II(63) 11754 5223 2249 5.00 
H(341) 6200 2470 2250 5.00 H(65) 8580 5098 3722 5.00 
H(142) 8669 1891 2834 5.00 H(66) 7733 4355 2tl29 5.00 
H(242) 7"702 1334 2898 5.00 
H(342) 9048 1157 2612 5.00 
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TABLE 4. 6. Bond Distances for 7 (A). 
"' 
Zr-R(1)a 2.307 C(31)-C(4) 1. 489(8) 
Zr-R(2)b 2. 317 C(32)-C(42) 1. 491(8) 
Zr-N(1) 2. 349(4) C(33)-C(43) 1. 500(9) 
Zr-N(2) 2.112(4) C(34) -C( 44) 1. 529(9) 
Zr-0 . 2. 553(3) C(35)-C(45) 1. 500(8) 
Zr-C(11) 2. 598(5) 0-H 1. 016(3) 
Zr-C(12) 2. 61 0(5) N(2)-C(2) 1. 439(7) 
Zr-C(13) 2. 607(5) N(2)-N(1) 1. 348(5) 
Zr-C(14) 2. 575(5) N(1)-C(1) 1. 316(6) 
Zr-C(15) 2. 601(5) C(1)-C(51) 1. 468(6) 
Zr-C(31) 2. 609(5) C(1)-C(61) 1. 484(6) 
Zr-C(32) 2. 584(5) C(51)-C(52) 1. 367(7) 
Zr-C(33) 2. 579(5) C(52)-C(53) 1. 370(8) 
Zr-C(34) 2. 635(5) C(53) -C(54) 1. 387(8) 
Zr-C(35) 2. 623(5) C(54)-C(55) 1. 346(8) 
C(11)-C(12) 1. 422(7) C(54)-C(57) 1. 518(9) 
C(12)-C(13) 1. 384(7) C(55) -C(56) 1. 392(8) 
C(13)-C(14) 1. 418(7) C(51)-C(56) 1. 402(7) 
C(14)-C(15) 1. 396(7) C(61)-C(62) 1. 379(7) 
C(11)-C(15) 1. 394(7) C(62)-C(63) 1. 384(7) 
C(31)-C(32) 1. 394(7) C(63) -C(64) 1. 366(8) 
C(32)-C(33) 1. 406(7) C( 64) -C( 65) 1. 367(8) 
C(33) -C(34) 1. 387(7) C(64) -C(67) 1.513(9) 
C(34)-C(35) 1. 408(7) C(65)-C(66) 1.381(8) 
C(31)-C(35) 1.417(7) C(61)-C(66) 1. 379(7) 
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TABLE 4. 6 (continued) 
C(11)-C(21) 1. 497(7) 
C(12)-C(22) 1. 504(8) 
C(13)-C(23) . 1. 522(7) 
C(14) -C(24) 1. 493(7) 
C(l5) -C(25) 1. 525(8) 
aR(1) = C(11)-C(l5) ring centroid. 
ba(2) = C(31)-C(35) ring centroid. 
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TABLE 4. 7. Bond Angles for 7 ( 0 ). 
"" 
R(1)a-Zr-R(2)b 135.9 C(33) -C(34) -C(35) 108.8(5) 
R(1)-Zr-N(1) 103.3 C(34)-C(35)-C(31) 106. 7(4) 
R(1 )-Zr-N(2) 112.0 C(35)-C(31 )-C(32) 108. 4(4) 
R(1)-Zr-O 99.6 C(21 )-C(32)-C( 42) 124. 2(5) 
R(2)-Zr-N(1) 105.5 C(42)-C(32)-C(33) 127. 2(5) 
R(2)-Zr-N(2) 100.8 C(32) -C(33) -C( 43) 126.9(5) 
R(2)-Zr-O 99.8 C( 43) -C(33)-C(34) 124. 2(5) 
H-0-Zr 118.4 C(33)-C(34) -C( 44) 126.0(5) 
C(1) -N(1 )-N(2) 130.1( 4) C( 44) -C(34) -C(35) 123. 5(5) 
C(1)-N(1)-Zr 166. 8(3) C(34) -C(35) -C( 45) 123. 3(5) 
C(2)-N(2)-N(1) 125. 9(4) C{ 45)-C(35) -C(31) 127. 0(5) 
C(2)-N(2)-Zr 150. 7(3) C(35)-C(31) -C( 41) 125.3{5) 
N(l)-C(l)-C(51) 117. 8(4) C(51)-C(52)-C(53) 122.6(5) 
N(1)-C(1)-C(61) 123. 9(4) C(52)-C(53)-C(54) 121. 5{5) 
C(11 )-C(12)-C(13) 108.6(4) C(53)-C(54)-C(55) 116.9(5) 
C(12)-C(13) -C(14) 108. 3(4) C(53)-C(54)-C(57) 122. 3(5) 
C(13)-C(14) -C(15) 106. 9( 4) C(57) -C(54) -C(55) 120.8(5) 
C(14) -C(15) -C(l1) 109. 7( 4) C(55) -C(56) -C(51) 120. 8(5) 
C(15) -C(11 )-C(12) 106;5(4) C(56)-C(51)-C(52) 115. 9(4) 
C(21 )-C(11) -C(12) 126. 2(4) C(61)-C(62)-C(63) 121.5(5) 
C(11)-C(12)-C(22) 124.4(4) C(62)-C(63)-C(64) 121. 2(5) 
C(22)-C(12)-C(13) 125. 6{4) C(63)-C(64) -C(65) 117.4{5) 
C(12)-C(13)-C(23) 123. 2(4) C(63) -C(64) -C(67) 121. 9{5) 
C(23) -C(13) -C(14) 126. 7{4) C(67)-C(64)-C(65) 120. 8(5) 
TABLE 4. 7 (continued) 
C(13) -C(14) -C(24) 
C(24)-C(14)-C(15) 
C(14) -C(15) -C(25) 
C(25) -C(15) -C(11) 











aR(1) = C(11)-C(l5) ring centroid. 






TABLE 4. 8. Least-Squares Planes of Pentamethylcyclopentadienyl 
Rings for 7 . ...... 











































a A negative deviation is a deviation toward the metal atom. 
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TABLE 4.10. Least-Squares Plane of ZrON(1)N(2)C(1)C(2)H Group 
for 7 (A) . .-








aA negative deviation is a deviation toward the Cp*(1) ring. 
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4. 9 and the least-squares plane of the ZrOHN(1)N(2)C(1)C(2) group is 
given in Table 4.10. 
4. 4. 9 Cp*2Zr(NMeNCTo~)Me (~) 
The procedure described in section 4. 4. 7 was followed using 
200 mg (0.51 mmol) Cp*2 ZrMe2 (!!), 120 mg (0.54 mmol) To~CN2(1), 
and 5 mL toluene. Removal of toluene in vacuo afforded an orange oil 
which solidified upon standing. The solid was triturated with pet. 
ether (4 mL), the suspension cooled to -78° C and then filtered at this 
temperature to afford ~ as a yellow-white powder (175 mg, 56%). 
Anal. Calcd for C38H50N2 Zr: C, 72.37; H, 8.21; N, 4.56. Found: 
C, 71. 98; H, 8.15; 4. 63. ~ NMR (benzene-cia): o 7. 52 (d, 3JHH = 
3 
9.2Hz, 2H, Tol); 6.88(d, JHH=9.2Hz, 2H, Tol);2.56(s, 3H, 
NCH3); 2.13 (s, 6H, Tol); 2.07 (s, 6H, Tol); 1. 79 (s, 30H, C5(CH3 ) 5 ; 
-0. 14 (s, 3H, ZrCH3). The remaining aromatic tolyl resonances were 
obscured by solvent. 
4.4.10 Cp*2 Zr(H)Br 
A 50 mL glass bomb fitted with a teflon needle-valve and stir 
bar was charged with 280 mg (0. 77 mmol) Cp*2 ZrH2 (!1), 358 mg 
(0. 83 mmol) Cp*2 ZrBr2 , and 25 mL toluene. The bomb was filled with 
1 atm H2 and heated at 120• C for 14 days. The solution was then 
cooled to room temperature, reduced in volume to 20 mL in vacuo, 
and filtered. The toluene was removed in vacuo and the green residue 
triturated with pet ether (5 mL). The suspension was then filtered to 
afford the product as a yellow-white crystalline solid (170 mg, 50%). 
Anal. CalcdforC2JluBrZr:C, 54.28;H, 7.06. Found:C, 54.16; 
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H, 7.29. ~NMR(benzene-ds): 157.34(s, 1H, ZrH);1.99(s, 30H, 
C5 (CH3 ) 5). m(nujol): v(ZrH) 1619 cm-
1
• 
4. 4.11 Cp*2 Zr(Et)Br 
Cp*2 ZrBr2 (250 mg, 0. 48 mmol) was suspended in toluene (8 mL) 
and the mixture cooled to -78• C with rapid stirring. 180 J.LL of a 
solution of EtMgBr in ~0 (2. 8 M, 0. 50 mmol) was added to the 
zirconium mixture via syringe and the suspension allowed to warm to 
room temperature and stir for 12 hours. A white solid precipitated 
(MgBr2 ) and the solution became light yellow in color after a few hours 
of reaction. The solvent was removed in vacuo and the resulting yellow-
white solid triturated with pet. ether (10 mL) and the suspension 
filtered to remove the HgBr2 • The volume of solvent was reduced to 
2 mL and cooled to -78•c. Yellow crystals precipitated which were 
isolated by filtration at -78 •c (170 mg, 75%). Anal. Calcd for 
C22H35BrZr: C, 56.14; H, 7.50; Br, 16.98. Found: C, 56.29; H, 7.45; 
Br, 17.20. 1HNMR(benzene-d6):151.87(s, 30H, C5 (CH3 ) 5); 1.38 
3 3 . 
(t, JHH = 8. 3Hz, 3H, CH2C!!3); 0. 57 (q, JHH = 8. 3Hz, 2H, ZrCH2). 
4. 4.12 Cp*2 Zr(CH2Ph)Br 
The procedure described in section 4. 4.11 was followed using 
255 mg (0. 49 mmol) Cp*2 ZrBr2 in 12 mL toluene and adding 260~L of 
a solution of PhCH2MgCl in THF (2M, 0. 52 mmol). The solvent was 
removed in vacuo, the residue triturated with toluene (6 mL), and the 
suspension filtered to remove the white MgBrCl. The salt was washed 
once with toluene (2 mL) and then the solvent removed in vacuo. The 
residue was triterated with pet. ether (4 mL) and the suspension 
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cooled to -78 o C and filtered at this temperature to afford the product 
as an orange crystalline solid (220 mg, 84%). Anal. Calcd for 
C27H37BrZr: C, 60.88; H, 7.00; Br, 15.00. Found: C, 60.73; H, 7.03; 
Br, 15.19. 1H NMR (benzene-d6): t'i7.30-7.16 (m, 5H, Ph); 1.80 (s, 
30H, C5 (CH3 ) 5 ) ; 1. 63 (s, 2H, ZrCH2 ). 
4. 4. 13 Cp*2 Zr{Ph)Br 
The procedure described in section 4. 4.11 was followed using 
324 mg (0. 62 mmol) Cp*2 ZrBr2 in 12 mL toluene and adding 220 JJ.L of 
a solution of PhMgBr in ~0 (3M, 0. 66 mmol). The residue obtained 
by the removal of solvent from the filtrate was triturated with pet. 
ether (4 mL), the suspension cooled to -78• C, and then filtered at this 
temperature to afford the product as an off-white colored powder 
(210 mg, 65%). Anal. Calcd for C2JI35BrZr: C, 60.19; H, 6.80. 
Found: C, 60.22; H, 6.78. 1H NMR {benzene-d6): 61.77 (s, 30H, 
C5(CH3 ) 5); 7. 23-7.10 (m, 5H, Ph). 
* 4. 4. 14 Cp 2Zr(NHNCTo~)Br 
Cp*2 Zr(H)Br (78 mg, 0. 022 mmol) and To~CN2 (1) ( 44 mg, 
0. 020 mmol) were suspended in toluene (5 mL) at -78• C. The solution 
turned yellow in color upon addition of the solvent at -78 • C. The mix-
ture was warmed to room temperature and stirred for 1 hour. 
Removal of solvent in vacuo afforded the product as a yellow-orange 
• 1 3 
011. HNMR{benzene-da): 68.43(s, 1H, NH);7.82{d, JHH=9.2Hz, 
2H, Tol); 2.10 (s, 6H, Tol); 2. 06 (s, 6H, Tol); 1. 85 (s, 30H, 
C5(CH3 ) 5). The remaining aromatic tolyl resonances were obscured 
by solvent. 
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4. 4.15 Cp*2Zr(NMeNCTo~)Br 
Cp*
2
Zr(Me)Br (100 mg, 0. 22 mmol) and To~CN2 (1) 53 mg, 
0. 24 mmol) were dissolved in toluene (6 mL) and the solution stirred 
at 50• C for 12 hours. The solvent was removed from the light red-
colored solution in vacuo and the residue triturated with pet. ether 
(8 mL). The suspension was cooled to -78•c and then filtered at this 
temperature to afford the product as a yellow powder (110 mg, 75%). 
Anal. Calcd for C3JI47 BrN2 Zr: C, 63. 04; H, 7.1 0; N, 4. 20; Br, 11. 98. 
Found: C, 63.14; H, 7.16; N, 4. 30; Br, 11. 88. 1H NMR (benzene-d6): 
3 3 
67.52 (d, JHH =9.2Hz, 2H, Tol); 6.95 (d, JHH =9.2Hz, 2H, Tol); 
3.07 (s, 3H, NCH3 ); 2.20 (s, 6H, Tol) ; 2.07 (s, 6H, Tol); 1.97 (s, 30H, 
C5(CH3 ) 5). The remaining aromatic tolyl resonances were obscured by 
solvent. 
4. 4.16 Cp*2Zr(NEtNCTo~)Br 
The procedure described in section 4. 4.15 was followed using 
100 mg (0. 21 mmol) Cp*2 Zr(Et)Br, 50 mg (0. 22 mmol) To~CN2 (1), 
and 6 mL toluene. After removal of toluene in vacuo, the residue was 
triturated with pet. ether (8 mL), the suspension cooled to -78• C and 
then filtere.d at this temperature to afford the product as an off-white 
colored powder (100 mg, 71%). Anal. Calcd for C37H49BrN2 Zr: C, 
62.85; H, 7.38; N, 4.19; Br, 11.94. Found: C, 62.91; H, 7.46; 
1 3 
N, 4. 25; Br, 12. 00. H NMR.(benzene-d6): ~ 7. 47 (d, JHH = 9. 2Hz, 
2H, Tol) ; 7. 23-6. 90 (m, 4H, Tol); 3. 63 (q, 3 JHH = 7. 6Hz, 2H, NCH2 ) ; 
2.13(s, 6H, Tol);2.09(s, 6H, Tol);l.91 (s, 30H, C5(CH3 ) 5);0.72 
(t, 3 JHH = 7. 6 Hz, 3H, CH2CH3 ). The remaining aromatic tolyl 
resonances were obscured by solvent. 
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4. 4. 17 Cp*2Zr(NCH2PhNCTo~)Br 
The procedure described in section 4. 4.15 was followed using 
100 mg (0.19 mmol) Cp*2 Zr(CH2Ph)Br, 44 mg (0.19 mmol) To~CN2 (1), 
and 5 mL toluene. After removal of toluene in vacuo, the residue was 
triturated with pet. ether (5 mL), the suspension cooled to -78• C and 
then filtered at this temperature to afford the product as a light-yellow 
crystalline solid (92 mg, 64%). Anal. Calcd for C42H51BrN2 Zr: C, 
66.82; H, 6.81; N, 3.71; Br, 10.58. Found: C, 66.74; H, 6.76; N, 
3. 61; Br, 10. 75. ~ NMR (benzene-d6): l> 7. 46-6.57 (m, 10H, Tol); · 
4.93 (s, 2H, NCH2); 2.20 (s, 6H, Tol); 2.10 (s, 6H, Tol); 2.03 (s, 30H, 
C5 (CH3 ) 5). 
4. 4.18 Cp*2Zr(NPhNCTo~)Br 
The procedure described in section 4. 4.15 was followed using 
140 mg (0. 27 mmol) Cp*2 Zr(Ph)Br, 66 mg (0. 30 mmol) To~CN2 (i), 
and 10 mL toluene. After removal of solvent in vacuo, the residue was 
triturated with pet. ether (5 mL), the suspension cooled to -78• C and 
then filtered at this temperature to afford the product as a light yellow-
orange powder (75 mg, 59%). A satisfactory analysis of this material 
could not be obtained. 1H NMR (benzene-d6): l57.8-6.8 (m, 13H, Ph 
and Tol); 2. 05 (s, 3H, Tol); 2. 0 (s, 3H, Tol); 1. 73 (s, 30H, C5(CH3 ) 5). 
4. 4.19 Cp*2Hf(NHNCTo~)H (!,~) 
Cp*2Hffi2 (!Q) (250 mg, 0. 55 mmol) and To~CN2 (i) (123 mg, 
0. 55 mmol) were suspended in toluene (15 mL) at -78• C. The mixture 
was warmed to room temperature with stirring during which time the 
solution turned from purple to yellow in color. The toluene was 
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removed from the solution in vacuo to give a yellow waxy solid. The 
solid was triturated with pet. ether (6 mL) at -78• C and then filtered 
at this temperature to afford 12 as a yellow powder (185 mg, 5~) . ......,..., 
Anal. Calcd for C35H46N2Hf: C, 62.44; H, 6.89; N, 4.16. Found: 
C, 62.50; H, 6.88; N, 4.16. ~ NMR (benzene-<Ia): 69.62 (s, 1H, 
s 
HfH); 8.20(d, JHH=9.2Hz, 2H, Tol); 5.95(s, 1H, NH) ; 2.13(s, 3H, 
Tol); 2. 09 (s, 3H, Tol), 1. 93 (s, 30H, C5(CH3 ) 5). The remaining tolyl 
resonance was obscured by solvent. m (nujol): v{NH) 3292 em -l; 
v(HfH) 1620. 
4. 4. 20 Reaction of Cp*JifH2 (!.Q) with To~CNNH2 (~)to give 
Cp*2Hf(NHNCTo~)H (g) 
Cp*2HfH2 (!.Q) (20 mg, 0. 044 mmol) and To~CNNH2 (~ (10 mg, 
0. 045 mmol) were placed in an NMR tube. Benzene-d6 (0. 4 mL) was 
added and the tube stoppered with a rubber septum. Upon addition of 
the solvent, the solution bubbled violently as H2 was formed. The ~ 
NMR spectrum of this solution indicates 12 had formed in greater than ......,..., ' 
99% yield. 
4. 4. 21 Cp*2Hf(NHNCTo~)I (!l) 
Cp*2Hf(NHNCTo~)H (g) (30 mg, 0. 046 mmol) was dissolved in 
toluene (5 mL) and the solution frozen at -196• C. CH3I (0. 091 mmol) 
was distilled onto the frozen solution and the mixture warmed to room 
temperature and stirred for 12 hours. Toepler pump analysis of the 
gas product indicated 0. 046 mmol CH4 (1. 0 mol CH4/mol ,!!). Removal 
of solvent in vacuo afforded ll as a yellow solid. 1H NMR (benzene-d6): 
s 
6 8. 50 (s, 1H, NH); 7. 79 (d, JHH = 9. 2Hz, 2H, Tol); 210 (s, 6H, Tol); 
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1.97 (s, 30H, C5(CH3 ) 5 ). The remaining aromatic tolyl resonances 
were obscured by solvent. m (nujol): v(NH) 3275 em -t. 
4. 4. 22 Reaction of Cp*Jlffi2 (!.Q) with To~CN2 (1) to give 
Cp*2Hf(NHNCTo~)2 (!i) 
The procedure described in section 4. 4. 16 was followed using 
50 mg (0.14 mmol) Cp*Jiffi2 (!Q) and 61 mg (0. 27 mmol) To~CN2 (1) in 
6 mL toluene. Removal of solvent in vacuo afforded an orange-yellow 
oil. 1H NMR (benzene-d6): o 7. 80 ( d, 
3 JHH = 9. 24 Hz, 2H, Tal); 6. 83 
(s, 1H, NH); 2.20(s, 6H, Tol);2.15(s, 6H, Tol); 1.88(s, 30H, 
C5 (CH3 ) 5). The remaining NH and tolyl aromatic resonances were 
obscured by solvent. 
4. 4. 23 Reaction of Cp*2 ZrH2 with To~CN2 (1) to give Cp*2Zr(NHNCTo~)2 
(18) .,....,.... 
The procedure described in section 4. 4.14 was followed using 
50 mg (0.14 mmol) Cp*2 ZrH2 (!1) and 61 mg (0. 27 mmol) To~CN2 (1_) 
in 6 mL toluene. Removal of solvent in vacuo afforded an orange-
yellow oil. 1H NMR (benzene-d6): o 7. 80 ( d, JHH = 9. 24 Hz, 2H, Tol); 
6.83(s, 1H, NH);2.20(s, 6H, Tol);2.15(s, 6H, Tol);1.88(s, 30H, 
C5(CH3 ) 5). The remaining NH and tolyl aromatic resonances were 
obscured by solvent. 




Cp*2Hffi2 (!Q) (0. 30 g, 0. 67 mmol) was dissolved in toluene 
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(20 mL) and the solution cooled to -78° C. With rapid stirring, 550 tJ.L 
of a solution of TolCHN2 (!i) in benzene (1. 21 M, 0. 67 mmol) was 
added to the hafnium solution via syringe and the mixture warmed 
slowly to room temperature. Upon addition of the diazoalkane, the 
hafnium solution turned from clear to light yellow in color. After 
warming to room temperature, the solvent was removed from the 
solution in vacuo to afford a yellow oil which, by 1H NMR, contained 
both 22 (70%) and 23 (30%). 
,...,... "'"""' 
1 3 
~- HNMR(benzene-d6):59.33(s, 1H, HfH);7.33(d, JHH=9.2Hz, 
3 
2H, Tol); 7.28 (s, 1H, CH); 6.94 (d, JHH = 9.2 Hz, 2H, Tol); 6.57 
(s, 1H, NH); 2.10 (s (3H, Tol); 1.94 (s, 30H, C5 (CH3 ) 5). 
4. 4. 25 (N(2)-c) -Cp*2Hf(NHNCHTol)I
30 (~) 
The yellow oil obtained from procedure 4. 4. 24 was dissolved in 
toluene (20 mL), the solution cooled to -78•c, and CH3 I (1.3 mmol) 
added with rapid stirring. The mixture was warmed to room tempera-
ture and stirred for 12 hours. The toluene was reduced in volume to 
ca. 2 mL and pet. ether (6 mL) distilled onto the solution at -78 • C. 
A yellow solid precipitated which was isolated by filtration at -78 •c to 
afford 24 as a light yellow-white powder (170 mg, 38%). Anal. Calcd 
"'"""' 
for C28H38IN~f: C, 47.43; H, 5.54; N, 3.95; MW, 709. Found: C, 
47. 61; H, 5. 41; N, 4. 00; MW, 684. ~ NMR (benzene-d6): 6 7. 32 ( d, 
3 
JHH = 9.2 Hz, 2H, Tol); 7.28 (s, 1H, CH); 6.94 (d, JHH = 9.2 Hz, 
2H, Tol);6.57(s, 1H, NH);2.10(s, 3H, Tol). 1.94(s, 30H, C5 (CH3 ) 5). 
m (nujol mull) v (NH) 3300 em - 1 • 
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4. 4. 26 (N(2)-.f)Cp *2Hf(NHNCHTol)H
30 (~) 
Cp*2H~ (!Q) (300 mg, 0. 67 mmol) was dissolved in toluene 
(12 mL) and the solution cooled to -78• C. With rapid stirring, 
TolCHNNH2 (~) (89 mg, 0. 67 mmol) was added to the hafnium solution 
via a side-arm addition tube and the mixture then warmed to room 
temperature. Immediate gas evolution accompanied the addition and 
the solution turned light yellow in color. Toepler pump analysis of the 
gas product indicated H2 (0. 061 mmol, 0. 91 mol H2 /mol !Q). The 
yellow-white residue remaining from the Toepler experiment was re-
dissolved in toluene (1 mL) and pet. ether (8 mL) distilled onto the 
solution at -78°C. After 3 hours of cooling, a yellow solid had preci-
pitated which was isolated by filtration at -78 oc to afford 23 as a 
""""' 
yellow powder (240 mg, 62%). Anal. Calcd for C28H40N2Hf: C, 57.65; 
H, 6.92; N, 4.81, MW, 582; Found: C, 57.67; H, 6.89; N, 4.99, MW, 
563. ~ NMR (benzene-d6): o 8.58 (s, 1H, HfH); 7.91 (d, 
3 JHH = 9.2 Hz, 
3 
2H, Tol); 7.07 (s, 1H, CH); 7.03 (d, JHH = 9.2 Hz, 2H, Tol); 5.50 
(s, 1H, NH); 2.10 (s, 3H, Tol); 1.93 (s, 30H, C5(CH3 ) 5). IR (nujol): 
v(NH) 3260 em-\ v(HfH) 1613. 
4. 4. 27 Cp*2Hf(NHNCHTol)2 (~ 
The procedure described in section 4. 4. 24 was followed using 
300 mg (0. 67 mmol) Cp*2H:fH2 (!.Q) and 110 f..LL of a solution of TolCHN2 
(!,ID in benzene (1. 21 M, 0. 67 mmol). The solution turned red in color 
upon the addition of the diazoal.kane at -78°C and then slowly turned 
orange-yellow upon warming to room temperature. The toluene was 
removed in vacuo to afford a yellow oil which solidified upon standing. 
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The solid was triturated with pet. ether (12 mL), the suspension 
cooled to -78•c, and then filtered at this temperature to afford~ as 
a yellow crystalline solid (240 mg, 51%). Anal. Calcd for C3JI48N4Hf: 
C, 60.43; H, 6.77; N, 7.84. Found: C, 60.21; H, 6.61; N, 7.82. 
~ NMR (benzene-d6): <5 7.67 (d, 
3
JHH = 9.2 Hz, 2H, Tol); 7.42 (s, lH, 
3 
CH); 7. 36 (d, JHH = 9.2 Hz, 2H, Tol); 7.10 (s, lH, CH); 7.10 (s, lH, 
3 3 
NH);7.02(d, JHH=5.0Hz, 2H, Tol);6.87(d, JHH=5.0Hz, 2H, 
Tol); 6.29 (s, lH, NH); 2.15 (s, 3H, Tol); 2.02 (s, 3H, Tol); 1.83 (s, 
30H, C5(CH3 ) 5). m (nujol): v(NH) 3300 em -l; v(NH) 3180. 
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The Synthesis of (2-methyl-5-t-butyl)phenyltetramethyl-
cyclopentadiene and its Use as a Ligand in the Preparation 
of Coordinatively Unsaturated Tantalum Hydride Complexes 
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5.1 Introduction 
The search for homogeneous organometallic complexes which 
affect the catalytic reduction of carbon monoxide is · an area of intense 
interest. Work in our laboratories has focussed on coordinatively 
unsaturated d0 metal hydride compounds containing one or more penta-
methylcyclopentadienyl ligands. 1 Of these hydride complexes, 
bis(pentamethylcyclopentadienyl) zirconium dihydride, Cp*2ZrH2 
(Cp*=77 5-C5Me5), has been the most thoroughly studied. 
1 Although the 
reaction of Cp*2ZrH2 with carbon monoxide under hydrogen is com-
plicated, one product obtained is the methoxy-hydride species 
Cp*2 Zr(H)OCH3 • Addition of HCl to this methoxy-hydride complex 
affords methanol stoichiometrically, but not catalytically. The 
exceptional reactivity of Cp*2 ZrH2 is a consequence of several factors. 
First, the hydride ligands are hydridic in contrast to compounds such 
as HCo(C0)4 in which the hydride ligand is protonic. 
2 Casey, Gladysz, 
and others have shown that hydridic alkali metal hydride complexes 
are capable of reducing coordinated CO to formyl, hydroxymethyl, and 
methyl groups. 3 Thus, carbon monoxide reduction seems to be 
favored by highly hydridic hydride ligands. Second, Cp*2 ZrH2 is a 
16-electron coordinatively unsaturated species. Ligand dissociation 
is therefore not required for initial CO coordination. Third, the bulky 
pentamethylcyclopentadienyl ligands inhibit oligomerization which 
might effectively "saturate" the metal center, preventing CO coordi-
nation. Finally, the strength of the zirconcium-oxygen bond4 provides 
a thermodynamic "sink" in the formation of the methoxy-hydride 
complex, a major factor why zirconium activation of CO is a 
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stoichiometric and not a catalytic process. 
The search for later transition metal hydride complexes which 
would catalytically reduce carbon monoxide was undertaken by James 
Mayer of the Bercaw research group. A series of pentamethylcyclo-
pentadienyl tantalum phosphino hydride complexes were synthesized 
and their reactivity with CO explored. 5 Tantalum was chosen because 
of the availability of starting materials and because tantalum(V)-
oxygen bonds are expected to be weaker than zirconium(IV)-oxygen 
bonds. 4 Although several tantalum hydride complexes were prepared 
(eqs. 1, 2), all are coordinatively saturated 18-electron species and 
* H2 * Cp TaMe4 + 2L 800 psi"" Cp TaH4L2 + 4 CH4 (1) 
L = PMe3 , PMe2 Ph, P(OMe)3 
L 2 = dmpe 
H2 * 
800 ps~Cp TaH3ClL2 + 3 CH4 
(2) 
L = PMe3 
are ineffective in reducing carbon monoxide; the reductive elimination 
of hydrogen to form carbonyl complexes (eqs. 3, 4) appears to be more 
* co * * Cp TaH4(PMe3 ) 2 "" Cp TaH2 (CO)(PMe3 ) 2 + cis-Cp Ta(C0)2 (PMe3 ) 2 
(3) 
* co * * Cp TaH3Cl(PMe3 ) 2 • Cp TaHCI(CO)(PMe3 ) 2 + Cp TaHCI(C0)2 (PMe3 ) 
(4) 
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favorable than hydride reduction of coordinated CO. The use of bulky 
phosphines as an attempt to generate a coordinatively unsaturated 
complex was also unsuccessful; tri-.!-butylphosphine and tricyclohexyl-
phosphine failed to give a clean product. 
A second approach to making coordinatively unsaturated tantalum 
hydride complexes is to increase the steric demands of the cyclopenta-
dienyl ligand. A simple synthetic approach is to replace one of the 
methyl groups of Cp * with a bulkier group. A disubstituted phenyl 
group (Figure 5.1) was chosen because the phenyltetramethylcyclo-
CH, 
C(CH,), 
FIGURE 5.1. Diagram of (2-methyl-5-!-butyl)phenyltetramethyl-
cyclopentadienyl anion (CpEJ). 
pentadienyl anion had previously been prepared. 6 The phenyl group 
by itself would not be expected to inhibit bisphosphine formation; 
phosphine-phenyl steric interactions would be minimized because the 
tetramethylcyclopentadienyl ligand and phenyl substituent could con-
ceivably attain a coplanar configuration. To circumvent this problem, 
a phenyl group consisting of a methyl substituent at the C(2J position 7 
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and a !_-butyl substituent at the C(5) position was chosen. A CPK 
model8 of the (2-methyl)-5-t-butyl)phenyltetramethylcyclopentadienyl 
anion (CpEJ) indicates that free rotation about the Cp-phenyl bond is 
restricted because of the methyl substituent. Furthermore, the methyl 
substituent is forced into the 7T system of the cyclopentadienylligand, 
thereby directing metal coordination to the opposite face of the Cp 
ligand. The !_-butyl substituent is then forced into the metal coordination 
sites occupied by the hydride and phosphine ligands (Figure 5. 2). 
CH3 
FIGURE 5. 2. Diagram of a CpEJ Complex of Tantalum. 
Phosphine-t-butyl steric interactions should inhibit the formation of a 
his-phosphine product, thereby generating a vacant coordination site. 
This chapter describes the synthesis of (2-methyl-5-t-butyl)phenyl-
tetramethylcyclopentadiene and its use as a ligand in the preparation 
of coordinatively saturated and unsaturated polyhydride compounds of 
tantalum. The reactivity of these complexes with CO is also discussed. 
5. 2 Results and Discussion 
5. 2. 1 Synthetic Strategy 
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The synthetic strategy employed in this work for making a disub-
stituted phenyltetramethylcyclopentadiene ligand is a modification of 
the general procedure used by Bercaw and Threlkel. 6 In this method, 
two equivalents of 2-lithio-2-butene are condensed with the appropri-
ate R-substituted alkyl ester to obtain the acyclic carbinol! (eq. 5). 
Protonation with acid affords the cyclopentadiene 2 (eq. 6). For the 
;">. 
Li 0 
H20 n ~ II 2 + RCOR' ~ ... 
1 
n H+ H20 .... -Q 
1 2 
;">. 
preparation of CpEJH, the initial target molecule was the 2, 5-disub-




toluene CID can be obtained by bromination of readily available i.-butyl-
toluene, 9 it was hoped that treatment of the bromide with magnesium 
would afford the Grignard reagent which could then be carboxylated 
with C02 to give the benzoic acid 4. Esterification of 4 with methanol ..... ;">. 










SCHEME 5. 1. Synthesis of Methyl-2-methyl- 5-_!-butylbenzoate (5) . ..... 
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5. 2. 2 Synthesis of Methyl-2-methyl-5-t-butylbenzoate (5) 
. - ~ 
2-Bromo-4-!_-butyltoluene (ID is easily prepared in mole quanti-
ties by treating 4-!_-butyltoluene with bromine in the presence of an 
iron catalyst (iron powder) (eq. 7). Under mild conditions, only the 
+ + FeBr2 + HBr {7) 
3 
ortho-substituted toluene is obtained. 9 Treatment of the bromide with 
magnesium turnings in dry THF, followed by quenching with solid 
carbon dioxide and hydrolysis affords the carboxylic acid 4 as a white 
~ 









conditions were employed, significant amounts (1 0%) of 4-t-butyl-
toluene were also obtained using this procedure. Substitution of 
"bone dry" C02 gas for solid C02 had little effect in the elimination of 
the presumed hydrolysis product. Use of dry diethyl ether as solvent 
reduced the yield of 4 even further. Proton transfer processes from 
~ 
the solvent rather than hydrolysis by small amounts of water are 
probably responsible for the formation of 4-!_-butyltoluene. Although 
this compound could not be eliminated as a byproduct in the 
{8) 
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carbonylation reaction, 1 could be obtained in pure form by standard 
acid-base extraction techniques. The methyl-benzoate§.. was prepared 
by esterification of the carboxylic acid in methanol using E.-toluene-
sulfonic acid (TsOH) as the catalyst and 2, 2-dimethoxypropane (DMP) 










boiling liquid (bp 74 •c (0. 2 mm)) in 96% yield. 




With the synthesis of the initial target molecule realized, 
standard procedures could be employed for the preparation of the 
cyclopentadiene, CpEJH. 6 Condensation of the methyl-benzoate 5 ,.. 
(9) 
with two equivalents of 2-lithio-2-butene (prepared from cis/trans-2-












treatment of 6 with p-toluenesulfonic acid in diethyl ether failed to ,.. - . 
(10) 
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give the desired ring-closed product. The acyclic triene 710 was the ,... 






Following the procedure used in the preparation of phenyltetramethyl-
cyclopentadiene, 6 6 was slowly added to ice-cold concentrated sulfuric ...... 
acid. Again, no ring-closed products were observed after work-up of 
the reaction mixture. To further stabilize the resulting carbocation 
formed by protonation of the carbanol, a polar solvent was used in 
hope that electrocyclic ring closure would predominate over elimination 
reactions. Thus, treatment of 6 with p-toluenesulfonic acid in re-,... -
fluxing chloroform for 12 hours afforded CpEJH as a dark amber oil in 
87% yield. If the reaction time is reduced to 1 hour, however, the 
acyclic triene! is the only product observed. Further reaction of 1 
with TsOH in refluxing chloroform does afford CpEJH after several 












through an isolable kinetic product, the acyclic triene 7, which then 
""' 
tautomerizes in chloroform to the more stable product, the cyclopenta-
diene CpEJH. This tautomerization could not be effected using diethyl-
ether or neat sulfuric acid as solvents. The ~ NMR spectrum of 
CpEJH indicates the presence of one major isomer in solution and 
mass spectral analysis confirms the molecular weight with a parent 
ion peak at 268. 
Conversion of CpEJH to the lithium cyclopentadienide, LiCpEJ, 
was accomplished by treatment with _!!-butyllithium in refluxing : 
petroleum ether for 48 hours ( eq. 13). LiCpEJ can be isolated as a 




white solid in 49% yield. The ~ NMR spectrum of LiCpEJ (Figure 5. 3) 
consists of two resonances for the two pairs of inequivalent methyl 
groups (i> 2. 03, 1. 83) and single resonances for the tolyl-methyl 
( i5 2. 07) and !_-butyl groups ( i5 1. 30). The use of other reaction 
solvents such as toluene or THF resulted in viscous oils which did not 
crystallize. Also, attempts to deprotonate more than one gram of 
CpEJH failed to give an isolable solid. Apparently, efficient stirring 
of the reaction mixture is not achieved when this reaction is scaled-up. 
5. 2. 4 Synthesis of Tantalum-Methyl Complexes 
The synthesis of CpEJ compounds of tantalum was accomplished 
by following the procedure used by Schrock for the preparation of 
Cp*TaMe3Cl. 














I) 2. O'l 
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LiCpEJ in diethyl ether affords CpEJTaMe3 Cl (!!)as a yellow crystal-
line solid in 44% yield (eq. 14).· The 1H NMR spectrum of 8 (Figure 5. 4) 
"' 
TaMe3C~ + LiCpEJ E~O. CpEJTaMe3Cl + LiCl 
8 
(14) 
indicates the presence of only one isomer in solution. As in the spec-
trum of LiCpE~ two resonances are observed for the two pairs of 
inequivalent Cp-methyl groups (6 1. 77, 1. 73). The tantalum-methyl 
groups are equivalent, however, with a single resonance at l5 1.13. 
Treatment of 8 with one equivalent of MeLi in diethyl ether affords the 
"' 






NMR spectrum of!!_ (Figure 5. 5) is similar to that of!! except that only 
a .single resonance is observed for the Cp-methyl protons at~ 1. 73. 
Use of high field 1H NMR (500 MHz) does resolve the singlet observed 
in the 90 MHz spectrum into two distinct resonances, however. The 
question arises as to which isomer of 9 (and also of 8) is present in 
"" "" 
solution, since the metal could coordinate on the !_-butyl side of the 
cyclopentadienylligand or on the tolyl-methyl side. As mentioned 
earlier, a CPK model of CpEJ indicates that the tolyl-methyl group is 
forced into the 1r system of the Cp ligand. Thus, metal coordination 
should occur on the !_-butyl side of the ring, forcing the !_-butyl group 



















FIGURE 5. 4. 
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FIGURE 5. 5. 
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demonstrated by means of a 500 MHz ~ NMR nuclear Overhauser 
enhancement (NOE) experiment (Figure 5. 6). Selective irradiation of 
the tantalum-methyl resonance resulted in enhancement of the !-butyl 
resonance. Irradiation of the !_-butyl resonance had a similar effect 
on the tantalum-methyl resonance. In both instances, the tolyl-methyl 
resonance remained unaffected. Because NOE is a through-space 
phenomenon dependent upon distance, 12 the results of this experiment 
indicate that the tantalum methyl groups are much closer to the !-butyl 
than to the tolyl-methyl group. Thus, both the tantalum and the !-butyl 
group reside on the same side of the cyclopentadienylligand, verifying 
the steric and coordination arguments made earlier. 
5. 2. 5 Synthesis of Tantalum Hydride Complexes 
Following the procedure used by Mayer5 for the preparation of 
Cp*TaH4 (PMe3 ) 2 , CpEJTaMe~ (~)was hydrogenated at 1800 psi in the 
presence of two equivalents of PMe3 to give CpEJTa~(PMes), (!Q} as a 
white-brown solid in 48% yield (eq. 16). The ~ NMR spectrum of 10 .......,.. 
CpEJTaMe4 + 2PMe3 
9 
(16) 
clearly indicates the presence of two phosphine ligands with a triplet 
for the hydride ligand resonance at~ 1.12 ( 2JPH =59 Hz). Hydrogen-
ation using one equivalent of PMe3 does not afford a mono-phosphine 
complex, but rather results in incomplete reaction. Thus, the CpEJ 
ligand does not appear to be sufficiently bulky to permit isolation of a 
tetrahydrido-mono-phosphine complex. 
Cp-CH, 
~ 4 1.73 
238 
C(CH,), 
.4 1. 29 
\ 
Ta(CH1 )4 





FIGURE 5. 6. CpEJ TaMe4 (~ 
1
H NMR NOE Experiment: (~) Normal 
Spectrum; (B) Irradiation at o 1. 00; (C) Irradiation 
at o 1. 29. 
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To increase the steric demands of the tantalum ligands, the 
synthesis of trihydridochloro tantalum complexes was attempted. 
Hydrogenation of CpEJrraMe3 Cl (~)at 1800 psi in the presence of two 
equivalents of PMe3 afforded the 16-electron, coordinatively unsatu-









NMR spectrum of !! displays a low field doublet ( 2 JPH = 56 Hz) at 
<'3 12.23 for the tantalum hydride resonance, ccnfirming a mono-
phosphine adduct, and the 31P NMR spectrum consists of a triplet, 
confirming the presence of two hydride ligands. The mechanism by 
which 11 is formed is not known, but it undoubtedly involves chloride ,....,..._ 
exchange reactions. It should be noted that the isolated yield of 11 is 
""""" 
extremely low (9%). This reaction contrasts with the hydrogenation of 
Cp*TaMe3 Cl which, in the presence of two equivalents of PMes, 
affo~ds the 18-electron, coordinatively saturated compound 
Cp*TaH3 Cl(PMe3 ) 2 • 
5 Thus, with the added steric bulk of the chloride 
ligand, the CpEJ complex can be isolated as a coordinatively unsatu-
rated species. 
Hydrogenation of CpEJ Ta.Me,Cl (~) at 1800 psi in the presence of 
one equivalent of PMe3 affords two products, the dihydrido-dichloride 
complex!!, and the trihydrido-chloride, CpEJTaH3Cl(PMe3 ) (g) 




JPH =13Hz) for the phosphine methyl resonance at r> 1. 33 with a 
240 
(18) 
relative integration of 9 protons confirming a mono-phosphine adduct. 
The hydride ligand resonances are observed as a broad multiplet 
(o 5. 54-5. 20) with a relative integration of 3 protons. 13 The two 
hydride complexes 11 and 12 were obtained as an inseparable mixture 
"'"'""' "'"'""' 
in a 1/1 ratio. Upon standing at room temperature, 12 decomposes 
"'"'""' 
over a period of weeks. 
5. 2. 6 Reactions with Carbon Monoxide 
The reaction of CpEJTa~C~(PMe3 ) (!!) with ~ne atmosphere of 
carbon monoxide results in loss of hydrogen and formation 
of CpEJ Ta(C0)2 Cl2 (PMe3 ) (_ll). No CO reduction products were 
observed. Similarly, the 11,12 mixture affords 13, CpEJTaHCl(CO)-
~ """"" """"" 
(PMe3 ), and CpEJTaHCl(CO~(PMe3) when treated with CO. 14 In all 
cases, CO induces the reductive elimination of hydrogen from the 
hydride complexes to give a series of lower valent carbonyl complexes. 
Apparently, generation of an open site for CO coordination does not 
facilitate hydride reduction of the coordinated CO. It appears to be 
more favorable for the tantalum complexes to reductively eliminate H2 
and form metal-carbonyl bonds than to reduce coordinated CO, initially 
forming metal-oxygen bonds. Zirconium hydride complexes are 
effective reducing agents primarily because the strength of the 
zirconium-oxygen bond provides a thermodynamic "sink" in the 
formation of the reduction products. Whether the inability of these 
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tantalum hydride complexes to reduce CO is a consequence of kinetic 
loss of H2 or the stability of tantalum carbonyl complexes, has not 
been determined. 
5. 3 Experimental Section 
5. 3. 1 General Methods 
All manipulations involving air sensitive compounds were per-
formed using high vacuum line or inert atmosphere glove box tech-
niques. Argon and nitrogen were passed through MnO on vermiculite 
and 4 A. molecular sieves. 
5. 3. 2 Physical and Spectroscopic Methods 
Proton magnetic resonance spectra were recorded using a Varian 
EM 390 spectrometer. Chemical shifts are reported in ppm (6) rela-
tive to Me4Si ( 0 0. 0). NOE experiments were performed with a Bruker 
WM 500 spectrometer. Phosphorous magnetic resonance spectra were 
recorded using a JEOL FX90Q spectrometer. Chemical shifts are 
reported in ppm (0) relative to external H3 P04 (0 0. 0). Infrared spectra 
were· recorded using NaCl plates on a Beckman 4240 spectrometer. 
Elemental Analyses were performed by the Caltech Micro-
analytical Laboratory. 
5. 3. 3 Solvents and Reagents 
Solvents used with air sensitive compounds (except THF) were 
purified by vacuum transfer first from LiAlH4 and then from "titano-
cene. " 15 THF and THF-~ were distilled from sodium benzophenone 
ketyl. Benzene-d6 (stohler, Inc.) was purified by vacuum transfer 
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from "titanocene". 2-Bromo-2-butene (cis-trans mixture, Columbia 
Organic} was distilled prior to use and stored over activated 4 A 
molecular sieves. Lithium wire (0. 8% Na} was purchased from 
Aldrich. Reactions at high pressures of hydrogen were performed 
using hydrogen (Matheson} of minimum purity 99. 999%. Carbon 
monoxide was used directly from the cylinder. 
TaMe3C~ was prepared by the reported procedure. 11 
5. 3. 2 2-Bromo-4-!_-butyltoluene <ID· 
The method of preparation was a modification of that used by 
Meidar. 9 A 1-L three-necked round-bottomed flask equipped with a 
magnetic stir bar and 500 mL addition funnel was charged with 100 mL 
CC14 , 0. 5 g iron powder, and 174 mL (148 g, 1. 00 mole} 4-t-butyl-
toluene. The entire apparatus was flushed with argon and the dropping 
funnel then charged with a solution of Br2 (50 mL, 160 g, 1. 0 mol} in 
CC14 (100 mL). The bromine solution was slowly added to the stirred 
t-butyltoluene solution over a period of 12 hours, maintaining the 
temperature below 30• C. The dark red solution was extracted twice 
with 1 N KOH (2x 100 mL}, the CC~ layer dried over MgS04 , and 
filtered. The solvent was removed with a rotary evaporator and the 
resulting liquid distilled under reduced pressure at 75 • C (1. 5 mm} 




JHH=2.5Hz, 1H, C(3}H}; 7.00(dd, 
3 5 3 
JHH = 8. 3Hz, JHH = 2. 5Hz, 1H, C(6}H; 6. 85 (d, JHH = 8. 3Hz, 1H, 
C(5}H); 2.15 (s, 3H, Ph· CH3 ); 1.12 (s, 9H, C(CH3 }3). 
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5. 3. 3 3-t-butyl-6-methylbenzoic acid (4) - "' 
A 2-L three-necked round-bottomed flask equipped with a 
magnetic stir bar, 500 mL addition funnel, and reflux condenser was 
charged with 20 g (0. 84 moles) magnesium turnings and the appara.tus 
flushed with argon. THF (15 mL) was added to the flask followed by 
8 mL 2-bromo-4-t-butyltoluene and 1 mL dibromoethane. Reaction 
started immediately. The reaction mixture was diluted with THF 
(600 mL) and the addition funnel charged with a solution of 2-bromo-
4-t-butyltoluene (183 g total used, 0. 81 mol) in THF (200 mL). With 
constant stirring, the bromide solution was added to the magnesium 
suspension at a rate sufficient to maintain a gentle reflux. After 
addition, the mixture was brought to reflux for an additional 40 min by 
means of an oil blth. The mixture was allowed to cool to room tem-
perature and then quickly poured over 1000 mL of crushed dry ice. 
When all unreacted C02 had evaporated (ca. 3 hours), 6 N HCl was 
added to the gelatinous mass until no further reaction was observed 
(~. 200 mL). The THF was removed with a rotary evaporator to give 
a two-layered product. The lower (aqueous) layer was washed three 
times with E~O (3x 100 mL) and the combined ether washings together 
with the upper (organic) layer were washed three times with 5% NaOH 
solution (3x 100 mL). The aqueous fractions were combined and 
acidified with concentrated HCl until a white layer separated. The 
mixture was extracted three times with ~0 (3x 150 mL), the ether 
fractions dried over MgS04 , and filtered. Removal of solvent using a 
rotary evaporator afforded 4 as a white crystalline solid {136 g, 87%): 
"' 
mp 74-76• C. ~ NMR (CC14): ~ 12.73 (s, 1H, COOH); B. 08 (d, 
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5JHH = 2.5 Hz, 1H, C(2)H); 7.45 (dd, 
3
JHH = 8.3 Hz, 
5
JHH = 2.5 Hz, 
1H, C(5}H); 7.10 (d, 3JHH = 8.3 Hz, 1H, C(4)H); 2.60 (s, 3H, CH3); 
1. 32 (s, 9H, C(CH3 ) 3 ). IR (KBr): v (C=O) 1685 em -
1
• 
5. 3. 4 Methyl-2-methyl-5-!_-butylbenzoo.te (_ID 
A 1-L one-necked round-bottomed flask equipped with a magnetic 
stir bar and reflux condenser was charged with 136 g (0. 71 mol) 
3-t-butyl-6-methylbenzoic acid, 10 g (0. 53 mmol) p-toluenesuUonic - -
acid, 173 mL (148 g, 1. 4 mol) 2, 2-dimethoxypropa.ne and 600 mL 
CH30H. The mixture was brought to reflux and allowed to stir at this 
temperature for 12 hours. The solution was cooled to room tempera-
ture and the solvent removed with a rotary evaporator. The dark-red 
liquid was dissolved in E~O (300 mL) and washed three times with 10% 
NaHC03 solution (3x 300 mL), dried over MgS04 , and filtered. 
Removal of solvent usirig a rotary evaporator afforded 5 as a yellow ,.. 
liquid (141 g, 96%): bp 74• C (0. 2 mm). Anal. Calcd for C13H180 2 : C, 
1 
75.69; H, 8.79. Found: C, 75.13; H, 8.66. H NMR (CC~): o 7.90 
5 3 5 
(d, JHH = 2. 5Hz, 1H, C(2)H); 7. 36 (dd, JHH =10Hz, JHH = 2. 5Hz, 
3 
1H, C(5)H); 7. 08 (d, JHH =10Hz, 1H, C(4)H; 3. 82 (s, 3H, OCH3); 
2. 50 (s, 3H, Ph-CH3 ); 1. 31 (s, 9H, C(CH3 ) 3 ). IR (neat): v (C=O) 
1730 cm-1 • 
5. 3. 5 4-4[(2-methyl-5-!_-butyl)phenyl]-3, 5-dimethyl-2, 5-heptadienol 
(§). 
The method of preparation was a modification of that for 
4-4-phenyl-3, 5-dimethyl-2, 5-heptadienol used by Threlkel and 
Bercaw. 6 A 3-L three-necked round-bottomed flask equipped with a 
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mechanical stirrer, condenser, and 500 mL addition funnel was 
charged_.with 1500 mL ~0 and 20.5 g (3. 0 mol) lithium wire (cut into 
small pieces) and the entire apparatus flushed with argon. The 
dropping funnel was char.ged with 145 mL (192 g, 1. 4 mol) 2-bromo-2-
butene, 10 mL of which was then added to the Li suspension with 
stirring. Reaction started immediately as evidenced by the turbidity 
of the diethyl ether and the remainder of the bromide was then added 
at a rate sufficient to maintain a gentle reflux. After addition, the 
cloudy green solution was stirred for an additional hour at room tem-
perature. The addition funnel was then charged with a solution of 
methyl-2-methyl-5-!._-butylbenzoate (141 g, 0. 68 mol) in Et20 (150 mL) 
and this solution then added to the lithio reagent at a rate sufficient to 
maintain a gentle reflux. After addition, the yellow-green solution was 
filtered through glass wool (to remove unreacted Li wire) into 1 L of 
a saturated NH4Cl solution. The ether layer was separated and the 
aqueous layer washed three times with Et20 (3x 150 mL). The ether 
fractions were combined, dried over MgS04, and filtered. Removal of 
solvent using a rotary evaporator afforded 6 as an orange liquid (182 g, ...... 
1 3 
93%). H NMR (CC14 ): <S 7.33 (d, JHH = 1.5 Hz, 1H, Ph-C(6)H); 
7.13-7.00 (m, 2H, Ph); 5.64-5.40 (m, 2H, CH): 2.38 (s, 3H, Ph-CH3 ); 
1. 73 (br-s, 6H, C(3, 5)-CH3); 1. 33 (m, 6H, CH(C!!:J)); 1. 27 (s, 9H, 
C(CH3 )3 ). IR (neat): J1 (OH) 3500 cm-
1
; v (C=C) 1682. 
5. 3. 6 (2-methyl-5-!_-butyl)phenyltetramethylcyclopentadiene (CpEJH) 
The method of preparation was a modification of that for phenyl-
tetramethylcyclopentadiene used by Threlkel and Bercaw. 6 A 2-L 
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round-bottomed flask equipped With a magnetic stir oor and reflux 
condens~r was charged with 182 g (0. 63 mol) 6, 18 g (0. 09 mol) TsOH, 
. ....... 
and 1. 5 L CHC~. The mixture was brought to reflux and stirred at 
this teiqJerature for 12 hours. The black solution was cooled to room 
temperature and poured into a solution of 8 g N~C03 in saturated 
NaHC03 (1 L). The organic layer was separated and the aqueous layer 
washed twice with CHC~ (2x 100 mL). The organic fractions were 
combined, dried over MgS04 , and filtered. The solvent was removed 
using a rotary evaporator and the resulting liquid distilled at 130• C 
(0. 01 mm) using a Kugelruhr apparatus to give CpEJH as a dark amber 
liquid (160 g, 87%): m/e = 268. ~ NMR (benzene-d6): l5 7.20-7.00 
(m, 3H, Ph); 3. 08 (m, 1H, C(1)H); 2.10 (s, 3H, Ph-CH3 ); 1. 76 (s, 6H, 
Cp-CH3); 1.63 (s, 6H, Cp-CH3); 1.23 (s, 9H, C(CH3 ) 3). 
5. 3. 7 Reaction of CpEJH with TsOH to give 4- [(2-methyl-5-t-
butyl)phenyl] -1, 3, 5-trimethyl-3, 5, 6-heptatriene (1) 
A 25-mL round-bottomed flask equipped with a magnetic stir bar 
and reflux condenser was charged with 7 mL CHC~, 0. 5 g (0. 3 mmol) 
6, and 50 mg ( 0. 03 mmol) TsOH. The solvent was brought to reflux ....... 
and stirred at this temperature for 1 hour. The dark black-purple 
solution was cooled to room temperature and washed three times 
(3x 10 mL) with a solution of 8 g N~C03 in saturated NaHC03 (1 L). 
The organic layer was dried over HgS04, filtered, and the solvent 
removed on a rotary evaporator. The resulting amber liquid was 
distilled at 8o•c (0. 01 mm) using a Kugelruhr apparatus to give 7 of a 
. ....... 




3 JHH=11Hz, 1H, C(2)-H); 5.30(m, 1H, C(6)-H); 5.20(dd, 
2 3 . 
3JHH =20Hz, JHH =2Hz, 1H, C(1)-trans-H); 4. 90 (dd, JHH =11Hz, 
2JHH=2Hz, 1H, C(1)-cis~H); 2.20(s, 3H, Ph-CH3); 1.86(s, 3H, 
C(3)-CH3 ); 1. 63 (s, 3H, C(5)-CH3); 1. 40 (d, 
3 JHH =6Hz, 3H, 
C(6)-CH3 ); 1.24 (s, 9H, C(CH3 ) 3 ). The phenyl proton resonances 
were obscured by solvent. 
5. 3. 8 Reaction of 7 with TsOH to give CpEJH 
"' 
A 10 mL round-bottomed flask equipped with a magnetic stir bar 
and reflux condenser was charged with the triene 7 obtained from 
"' 
procedure 5. 4. 7, 30 mg (0. 02 mmol) TsOH, and 5 mL CHC~. The 
solution was brought to reflux and stirred at this temperature for 
12 hours. The dark purple solution was cooled to room temperature 
and washed two times (2x 5 mL) with a solution of 8 g N~C03 in 
saturated NaHC03 (1 L). The organic layer was dried over MgS04 , 
filtered, and the solvent removed on a rotary evaporator. The 
resulting liquid was distilled at 1 oo• C (0. 01 mm) using a Kugelruhr 
apparatus to give a yellow liquid. The 1H NMR spectrum of this liquid 
was identical to that of CpEJ H. 
5. 3. 9 (2-Methyl-5-t-butyl}phenyltetramethylcyclopentadienyllithium 
(LiCpEJ) 
A 50 mL round-bottomed flask equipped with a magnetic stir bar 
and reflux condenser was charged with 1. 0 g (3. 7 mmol) CpEJH and the 
apparatus attached to a vacuum line. The liquid was degassed by 
evacuation at room temperature and then 25 mL pet. ether distilled 
into the flask at -78• C. With an argon counter flow, 2. 5 mL (1. 55 M, 
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3. 9 mmol) g-BuLi in pet. ether were added to the cold solution via 
syringe. The mixture was warmed to room temperature and then 
brought to reflux with stirring and maintained at this temperature for 
48 hours. After several hours, a white solid began to precipitate from 
the orange solution. The mixture was cooled to room temperature and 
the apparatus brought into an inert atmosphere glovebox. The solid 
was isolated by filtration and washed well with pet. ether. Drying in 
vacuo afforded LiCpEJ as a light orange-white powder (500 mg, 49%). 
Attempts to scale-up this procedure were unsuccessful; only orange 
oils could be obtained. ~ NMR (THF-~ ): 6 7.16-7.00 (m, 3H, Ph); 
2. 07 (s, 3H, Ph-CH3 ); 2. 03 (s, 6H, Cp-CH3); 1. 82 (s, 6H, Cp-CH3 ); 
1.30 (s, 9H, C(CH3 ) 3 ). 
5. 3. 10 CpEJ TaMe3Cl (~) 
The method of preparation was a modification of that for 
Cp*TaMe3Cl used by Schrock.
11 TaMe3C~ (300 mg, 1.1 mmol) and 
LiCpEJ (325 mg, 1.1 mmol) were suspended in E~O (8 mL) at -78 • C 
and stirred for 2 hours. The mixture was then warmed to room 
temperature and allowed to stir for an additional 90 min. The solvent 
was removed from the yellow-green solution in vacuo, the residue 
triterated with pet. ether (8 mL), and the suspension filtered. The 
green-black solid isolated on the frit was washed five times with pet. 
ether until the washings were colorless. The volume of the filtrate 
was reduced to 2 mL and the solution cooled to -78•c. A yellow solid 
precipitated which was isolated by filtration at -78 • C to afford~ as 
dark yellow crystals (254 mg, 44%). ~ NMR (benzene-d6): 5 8. 08 (m, 
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1H, C(6)-H); 1. 87 (s, 3H, Ph-CH3); 1. 77 (s, 6H, Cp-CH3); 1. 73 (s, 
6H, Cp-CH3 ); 1. 33 (s, 9H, C(CH3 ) 3 ); 1.13 (s, 9H, TaCH3). The 
remaining phenyl resonances were obscured by solvent. 
EJ 5. 3.11 Cp TaMe4 (~) 
The method of preparation was a modification of that for 
Cp*TaMe4 used by Schrock, 
11 CpEJTaMe3Cl (250 mg, 0. 47 mmol) 
was dissolved in E~O (8 mL) and the solution cooled to -78• C. MeLi 
(4 mL, 0. 5 mmol, 1. 25M in pet. ether) was added to the stirred 
tantalum solution via syringe and the mixture allowed to warm to room 
temperature. Upon warming, the solution became cloudy and a white 
solid (LiCl) precipitated. The solvent was removed in vacuo and the 
green residue triterated with pet. ether. The suspension was filtered 
and the salt washed twice with pet. ether. The solvent was removed 
in vacuo to afford 9 as a yellow crystalline solid (151 mg, 63%). 1H - ""' 
NMR(benzene-d6):~7.56(m, 1H, C(6)-H); 1.93(s, 3H, Ph-CH3 ); 
1. 73 (s, 12H, Cp-CH3 ); 1. 29 (s, 9H, C(CH3 ) 3 ); 1. 00 (s, 12H, TaCH3 ). 
5. 3.12 CpEJTaH4(PMe3 ) 2 (!Q) 
The method of preparation was a m-odification of that for 
* ( 5 E.I Cp TaH4 PMe3 ) 2 used by Mayer. Cp TaMe4 (150 mg, 0.29 mmol) 
and 50 mL of a solution of PMe3 (0. 6 mmol) in pet. ether were placed 
in a high pressure reactor and stirred for 2 days under 1800 psi of 
hydrogen. Removal of solvent in vacuo afforded 10 as a white-brown - .,...,..., 
solid (85 mg, 48%) ~ NMR (benzene-d6): 6 8. 67 (m, 1H, C{6)-H); 2. 23 
(s, 6H, Cp-CH3 ); 1. 93 (s, 3H, Ph-CH3 ); 1. 86 (s, 6H, Cp-CH3 ); 1. 40 
(s, 9H, C(CH3 ) 3); 1.12 (t, 
2JPH =59 Hz, 4H, TaH). The phosphine 
250 
methyl resonances were not located. The remaining phenyl resonances 
were obscured by solvent. 
5. 3.13 CpEJTaH2C~(PMe3) (!!) 
The procedure described in section 5. 3.12 was followed using 
150 mg (0. 30 mmol) CpEJTaMe3Cl and 50 mL of a solution of PMe3 
(0. 60 mmol) in pet. ether. The solvent was removed from the solution 
in vacuo and the residue triturated with 1. 5 mL pet. ether. The 
suspension was cooled to -78° C and then filtered at this temperature 
to afford!! as a white solid (15 mg, 9%). ~ NMR (benzene-d6): 
o 12.23 (d, 2JPH = 56 Hz, 2H, TaH); 7. 94 (m, 1H, C(6)-H); 2. 08 (s, 
6H, Cp-CH3); 2. 09 (s, 6H, Cp-CH3); 2. 00 (s, 3H, Ph-CH3 ); 1.60 (d, 
2JPH =14Hz, 9H, P(CH3) 3 ); 1. 40 (s, 9H, C(CH3 ) 3 ). The 
31
P NMR 
spectrum (P(CH3 ) 3 ) is a triplet. 
5. 3.14 High Pressure Hydrogenation of CpEJTaMe3 Cl in the Presence 
of One Equivalent of PMe3 
The procedure described in section 5. 3. 12 was followed using 
0. 4 g (0. 69 mmol) CpEJTaMe3Cl and 50 mL of a solution of PMe3 
(0. 70 mmol) in pet. ether. The solvent was removed "from the solution 
in vacuo and the residue triturated with 2 mL pet. ether. The sus-
pension was cooled to -78• C and then filtered at this temperature to 
afford 131 mg of an off-white solid. The ~ NMR spectrum of this 
solid indicated two products in equal concentrations, CpEJTaH2 Cl(PMe3 ) 
(!!)and CpEJTaH3 Cl(PMea) (!!). CpEJTaH3Cl(PMe3 ) ~ NMR (benzene-cia). 
0 8. 53 (m, 1H, C(6)-H); 5. 54-5.20 (br, 3H, TaH); 2.14 (s, 6H, Cp-CH3 ); 
2.04(s, 3H, Ph-CH3); 1.87(s, 6H, Cp-CH3); 1.43(s, 9H, C(CH3 ) 3 ); 
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1. 33 (d, 2JPH =13Hz, 9H, P(CH3 ) 3). The remaining phenyl 
resonances were obscured by solvent. 
5. 3.15 Reaction of CpEJTa~C~(PMe,) with CO to give 
CpEJ TaC~(C0)2(PMe3) (13) ,...,... 
CpEJTa~C~(PMe3) (5 mg) and C6D6 (0. 4 mL) were placed in an 
NMR tube and the solution frozen at -78 • C. The tube was evacuated 
on a vacuum line and tackfilled with 700 torr CO. The tube was 
sealed with a torch and the solution allowed to warm to room tempera-
ture, the color of the solution turning from colorless to purple upon 
warming. The 1H NMR spectrum of this solution indicates ll had 
formed quantitatively. ~ NMR (benzene-de): ~ 8.19 (m, 1H, C(6)-H); 
1.93 (s, 6H, Cp-CH3); 1.87 (s, 3H, Ph-CH3); 1.77 (s, 6H, Cp-CH3); 
2 
1.47 (s, 9H, C(CH3) 3 ); 1.43 (d, JPH =13Hz, 9H, P(CH3 ) 3). The 
remaining phenyl resonances were obscured by solvent. 
5. 3.16 Reaction of the CpEJTaR.tC~(PMe3 ) - CpEJTaH3Cl(PMe3 ) 
Mixture with CO 
The procedure described in section 5. 3.15 was followed using 
20 mg of the CpEJ TaH2C~(PMe3)-CpEJ TaH3 Cl(PMe3) mixture (procedure 
5. 3.14) and 0. 4 mL C6D6 • The NMR tube was sealed under 700 torr 
CO at -78• C and allowed to warm to room temperature, the color of 
the solution turning from colorless to purple-red upon warming. The 
1H NMR spectrum of this solution indicates three products: ]d, 
CpEJTaHCl(CO)(PMe,), and CpEJTaHCl(COh(PMe,). The latter two 
compounds were identified by their respective hydride and phosphine 
2 
resonances: (~ 6.13, d, JPH =40Hz, 1H, TaB, ~ 1. 08, d, 
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2 2 
JPH =9Hz, 9H, P(CH3 ) 3 ) (~ 6.10, t, JPH = 50 Hz, lH, TaH; 
~ 1. 33, rn, 2JPH = 5 Hz, 9H, P(CH3 ) 3). 
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